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“I made a big decision a little while ago.
I don’t remember what it was, which prob’ly goes to show 
That many times a simple choice can prove to be essential 
Even though it often might appear inconsequential.
I must have been distracted when I left my home because 
Left or right I’m sure I went. (I wonder which it was!) 
Anyway, I never veered: I walked in that direction 
Utterly absorbed, it seems, in quiet introspection.
For no reason I can think of, I’ve wandered far astray. 
And that is how I got to where I find myself today.”
-Bill Watterson, The Indispensable Calvin and Hobbes
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Abstract
The Gulf of Mexico offers an appropriate setting for studying the chemical 
dynamics at the continent-ocean interface. In addition, its sediments preserve the climatic 
records of the past This study employs Ba as a tracer to examine several aspects of 
modem Gulf oceanographic processes and seeks to unravel Gulf paleoceanography using 
Ba/Ca ratios from fossil foraminiferal shells.
Comparison of dissolved Ba in the Mississippi and Atchafalaya River mixing 
zones suggests different Ba distributions can occur as a result of hydrodynamic and 
morphologic variability. Rapid Ba desorption from suspended material occurs near the 
Mississippi River, while Ba input from the shallow shelf sediments is possible near the 
Atchafalaya River.
Dissolved Ba measured in the southern Gulf of Mexico from the Yucatan entrance 
to the western Gulf reveals modem controls on the distribution of the trace element. Gulf 
surface waters contain elevated Ba, relative to the surface waters of the open Atlantic, due 
to river input and shelf-derived coastal inputs. Deep Gulf waters are largely 
homogeneous with respect to Ba and are rapidly flushed by waters from middle depths in 
the Atlantic.
A Ba/Ca record for planktonic foraminifera indicates high Ba during the 6 lsO
meltwater signal of the last deglaciation. This Ba/Ca anomaly is consistent with surface 
water freshening of 6  to 7%.
Ba/Ca ratios decrease by 30% with water depth for Recent benthic foraminifera 
from deep basin waters having nearly uniform Ba concentration, salinity, and 
temperature. This decrease points to pressure as a probable control on metal contents in 
foraminifera.
The downcore variation in Ba/Ca seen in Cibicides wuellerstorji sampled from a 
core in the deep waters of the southern Gulf indicates the presence of the nutrient-depleted
xiv
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Glacial North Atlantic Intermediate Water in the Gulf of Mexico during the Last Glacial 
Maximum. During deglaciation low 6 13C and high Ba/Ca suggest that the Gulf received a
dominant contribution from Southern Ocean Water that was residing at intermediate 
depths. An ensuing Ba/Ca decrease through the deglaciation occurs coincident with the 
production of the North Atlantic Deep Water and represents the transition to an interglacial 
mode of ocean circulation.
xv
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Chapter 1 
Introduction
1.1 General Introduction
In the last three decades, the improvement in seawater sampling and analytical 
techniques has led to great advances in our knowledge of the oceanic distribution of 
dissolved chemical species throughout the world oceans (for example, Bruland, 1983; 
and Ostlund et al., 1987; Chester, 1990). From these studies, it is known that the spatial 
variations of trace elements reflect biological activity, large-scale circulation, particulate 
scavenging, redox conditions, and ocean boundary effects. In contrast to the open ocean, 
the geochemical behavior of trace elements in marginal seas is lesser known. One such 
marginal sea is the Gulf of Mexico, where the knowledge of elemental distributions is 
limited. Recent studies of trace elements in the Gulf basin are mostly confined to coastal 
and estuarine environments (Hanor and Chan, 1977; Chan and Hanor, 1982; Boyle et al., 
1984; Reid, 1984; Shillerand Boyle, 1991; Shiller, 1993).
Chemical sources to the Gulf of Mexico include rivers, predominantly the 
Mississippi River, and the Atlantic water flowing in over the Yucatan Sill via the 
Caribbean Sea (Figure 1-1). Superimposed on these inputs are chemical sources derived 
directly from the seafloor through seeps and diffusion (Carder et al., 1977; Pauli et al., 
1984; Trefrey and Klinkhammer, 1988; Fu et al., 1994; Krest, 1994; Fu and Aharon, 
1997), although the fluxes from these sources are poorly known. Given these 
characteristics, the Gulf of Mexico provides an excellent location for the study of how the 
continental margin, the fluvial transport of continental material, and the Atlantic circulation 
influence the chemistry of a marginal sea Furthermore, because foraminiferal tests 
record water properties, the trace element chemistry of fossil foraminifera becomes an 
important tool for understanding climatic conditions and chemical processes of the Gulf of
1
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3Mexico in the past. As the Gulf basin ultimately receives water from the Atlantic through 
the Caribbean, the study of the sediments of the Gulf of Mexico also offers potential 
insight into the changes of the open ocean through climatic transitions, provided mixing 
of Atlantic waters with Caribbean waters does not alter the signal.
In this light, the goal of this dissertation is to unravel the conditions of the 
Quaternary Gulf of Mexico using Ba incorporated in foraminiferal shells as a tracer. The 
strategy is first to characterize the distribution of Ba in waters and foraminiferal shells of 
the modem Gulf and then to apply this fundamental knowledge in the establishment of 
past conditions. The specific objective are as follows: 1) to document the continent 
derived sources of Ba to the Gulf of Mexico surface waters through the study of rivers; 2) 
to establish the first spatial distribution of dissolved Ba in the Gulf of Mexico; 3) to 
evaluate whether variation in foraminiferal Ba/Ca ratios is a viable tool for understanding 
the paleoceanography of the Gulf of Mexico; and 4) to apply planktonic and benthic 
Ba/Ca systematics to the study of how climatic variability affects both the surface water 
chemistry of the Gulf and the circulation of the Atlantic Ocean. The emphasis of the 
paleoceanographic study is on a) the record of meltwater discharge into the Gulf and b) 
the mid-depth circulation of the glacial Atlantic. Fulfillment of these objectives represents 
the first comprehensive use of Ba as a tool for understanding the present day waters of the 
Gulf of Mexico and for unraveling the record of the effects of global climatic change on 
the Gulf of Mexico and the Atlantic Ocean systems.
1.2 Marine Geochemistry of Ba
Early studies of dissolved Ba in the oceans were prompted by essentially three 
problems: 1) Ba appeared to be linked to the biological cycle as demonstrated by early 
work (Chow and Goldberg, 1960; Chow and Paterson, 1966; Turekian and Johnson,
1966); 2) barite (BaS04) is present in some deep sea sediments despite its apparent 
undersaturation in ocean water (Church and Wolgemuth, 1972; Hanor, 1969); and 3) the 
emerging 226Ra technique for determining ocean mixing rates required Ba as a stable
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4analog to correct for the effects of biochemical cycling (Chan et al., 1976). To address 
these issues, extensive analyses of Ba were carried out in the world ocean as part of the 
GEOSECS program (Chan et al., 1976; Chan et al., 1977; Ostlund et al., 1987). 
Therefore, the distribution of Ba in the global ocean is now well known.
The oceanic distribution of dissolved Ba reflects the biogeochemical cycle of 
surface uptake and deep regeneration. The removal of Ba from surface water occurs as a 
result of the precipitation of barite in microenvironments surrounding decaying organic 
matter (Chow and Goldberg, 1960; Bishop, 1988; Bishop, 1989). As organic matter 
decays and sinks, microcrystalline barite is released to the water column where it occurs 
as suspended particulate matter (DeHairs et al., 1980). Slow dissolution of the 
suspended barite takes place at depth giving rise to enrichment of Ba in deep water (Chan 
et al., 1977; Ostlund e t al., 1987). This surface uptake and deep regeneration of Ba 
constitutes a behavior that is similar to the refractory nutrient element Si and to alkalinity 
(Figure 1-2) (Chan et al., 1977; Lea and Boyle, 1989). Ba therefore complements Cd, 
which is a proxy for the labile nutrient PO4  (Boyle 1976, 1988).
Ocean water masses and their circulation have been discussed in terms of Ba 
chemistry (Chan et al., 1977). Because Ba is depleted in surface water, it is likewise 
depleted in the North Atlantic Deep Water that forms from sinking surface water. In 
contrast, Ba is enriched in the older, nutrient-rich, southern ocean water masses (Antarctic 
Intermediate Water and Antarctic Bottom Water). The coupling of the biological cycle and 
deep water circulation further enriches Ba from the Atlantic to the Pacific along the 
direction of the abyssal flow, resulting in relatively high Ba concentrations for the deep 
waters of the Pacific and Indian Oceans in comparison to those of the Atlantic. Based on 
these observations, Ba has been established as an important tracer of water mass and 
nutrient distribution.
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Figure 1-2: Dissolved Ba and Si profiles from the Western Atlantic (Chan et al., 1977).
Station 37 is located near to the inflow to the Caribbean Sea. These profiles 
demonstrate the nutrient-type behavior of Ba and the usefulness of Ba in 
understanding circulation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61.3 Applications o f  Ba in Paleoceanography
The unique properties of Ba make it a suitable tracer for reconstructing the nutrient 
distribution of the ancient ocean. Its oceanic distribution through time in turn reflects 
changes in thermohaline circulation, biological productivity, and atmospheric CO2  content 
during climatic transitions. The successful use of Ba in paleoceanographic studies results 
from the ability of the carbonate lattice to incorporate Ba in proportion to its concentration 
in seawater. As shown in a number of studies (Lea, 1990; Lea, 1993; Lea, 1995; Lea and 
Boyle, 1989; Lea and Boyle, 1990 a, b; Lea and Boyle, 1993; Lea et al., 1989) the Ba 
content of seawater can be successfully linked to the trace element chemistry of corals and 
foraminifera such that temporal changes in ocean water characteristics can be determined. 
In the study of the coral Pavona clavus, Lea et al. (1989) were able to successfully tie 
variations in Ba/Ca ratios to changes in equatorial Pacific upwelling that occur during the 
El Nino phenomenon. An additional utility of Ba in resolving changes in ocean surface 
waters was shown by Lea and Boyle (1991) who analyzed a number of planktonic 
foraminifera from core material in the Atlantic. This study of planktonic foraminifera 
suggested that glacial meltwater flux from the Mississippi River was responsible for an 
increase in Ba concentration of up to 25 per cent for the surface waters of the Atlantic 12- 
14 kyr ago. Deep water circulation changes in the glacial ocean were also investigated 
through variations in the Ba/Ca ratio from specimens of benthic foraminifera (Cibicides 
wuellerstorji, C. kullenbergi, and Uvigerina spp.) collected from cores representing the 
world oceans. These analyses documented Ba concentrations for North Atlantic deep 
waters that were 50 per cent higher during the Last Glacial Maximum (LGM). Higher Ba 
concentrations are attributed to a decrease in the formation of North Atlantic Deep Water 
relative to Antarctic Bottom Water during glacial times (Lea and Boyle, 1990a). Benthic 
foraminifera in core material from intermediate depths (one core each from the North 
Atlantic and the Caribbean) were not marked by higher Ba/Ca values but instead indicated 
the presence of a nutrient depleted water mass at intermediate depths (Lea and Boyle,
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71990a). Built upon an understanding of the present day distribution of dissolved Ba, 
Ba/Ca studies of fossil marine organisms clearly advance our understanding of 
paleoceanography. These examples collectively prove Ba can be utilized as an additional 
indicator of oceanic change in the surface and deep oceans.
1.4 Content of the Dissertation
Chapter 2 offers a comparison of the distribution of Ba in the mixing zones of the 
Mississippi and Atchafalaya Rivers during two separate sampling cruises: low flow 
discharge of November 1993 and high flow discharge of March 1994. Chapter 3 
contains the discussion of the modem distribution of Ba in the water column of the 
southern Gulf of Mexico. Chapter 4  begins the paleoceanographic segment of the project 
as it details the cleaning method needed for determination of Ba/Ca in foraminiferal test 
material and presents the record of surface Ba variability since the LGM. Chapter 5 
explores the variability in Ba/Ca for Recent benthic foraminifera with depth and suggests 
a possible biological control on metal contents in the carbonate lattice. Chapter 6  
documents the effects of circulation changes in the Atlantic Ocean during the last glacial - 
interglacial transition as recorded in benthic foraminifera from the Gulf of Mexico.
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Chapter 2
Distribution o f Dissolved Ba in the Atchafalaya 
and M ississippi River M ixing Zones
2.1 Introduction
The processes that occur in the estuarine environment can profoundly affect the 
flux of continental material to the oceans. During mixing between fresh river water and 
saline ocean water, dissolved material may be removed from solution through flocculation 
of colloidal material, co-precipitation, or biological consumption. Examples are the 
extensive removal of dissolved Fe (Boyle et al., 1977; Sholkovitz et al., 1978), and the 
uptake of nutrients silicate and phosphate (Edmond et al., 1985; Shiller and Boyle, 1991). 
Chemical species are also added to the mixing zone when cations desorb from river 
suspended material. The release of Ba and Ra by ion exchange to the estuarine waters is 
well known (Hanor and Chan, 1977; Edmond et al., 1978; Li and Chan, 1979; Carroll et 
al., 1993; Moore and Scott, 1986; Moore, 1997). Elements such as Mn are also cycled at 
the continental margin as a result of redox reactions (Holliday and Liss, 1976; Duinker et 
al., 1979; Sundby et al., 1981). The study of the spatial distribution of elements in the 
coastal and estuarine environments is fundamental to the understanding of geochemical 
cycling at the river-sea interface and, ultimately, to the understanding of marine chemical 
budgets.
The chemical dynamics of the mixing zone are caused by large gradients in ionic 
strength, suspended sediment concentration, pH, and redox conditions. The mixing zone 
can be complicated further by inputs from other coastal sources. For example, diffusion 
of Ra isotopes from continental shelf sediments comprises a source of Ra in the shallow 
waters o f the Gulf of Mexico (Boyle et al., 1984; Reid, 1984; Key et al., 1985; Moore 
and Scott, 1986; Krest, 1995). Recently, groundwater contributions as a source of both 
Ba and Ra in coastal waters have also been proposed (Krest, 1995; Shaw et al., 1995;
8
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9Moore, 1996). Thus, the processes and sources at the ocean margin need to be 
incorporated into the consideration of the continental input to the surface ocean.
This chapter presents a  study of Ba delivery to the Gulf of Mexico at the two 
major river mouths in the northern shelf area. Hanor and Chan’s (1977) study of the 
behavior of Ba in the Mississippi River mixing zone identified Ba desorbed from 
suspended clay minerals as a significant component of the total Ba flux to the surface Gulf 
o f Mexico. This initial study by Hanor and Chan focused on low river discharge 
conditions in October 1972. No data exist for the flood stage. For the present study, 
samples have been collected from both the Mississippi and Atchafalaya River mouths 
during low river discharge in November 1993, as well as high river discharge in March 
1994. This suite of samples thus permits a study of seasonal variations in Ba 
geochemistry and flux. It further includes a comparison of Ba distributions at the 
Atchafalaya and Mississippi outflow regions where the coastal environments are 
characterized by different hydrodynamic conditions and shelf physiography. Previous 
comparisons between the two systems have shown that such factors as hydrologic 
setting, deposition of sediment load, and water residence time in the environments of the 
two river mouths lead to different chemical gradients in the mixing zone (Shiller and 
Boyle, 1991; Shiller, 1993; Krest, 1995). The comparative study of nutrient and trace 
elements of Shiller (1993) was based on samples collected during different flow regimes 
(April 1982 and July 1990). Here, the focus is on how the various environmental factors 
affect the Ba distribution of the two outflow regions under the same river discharge 
conditions.
All of these objectives are significant in the overall utility of Ba as a tracer of the 
paleoceanography of the surface ocean. For example, Lea and Boyle (1991) tied elevated 
Ba/Ca ratios in planktonic foraminifera from the Bermuda Rise 14 kyr ago to increased 
riverine discharge or deglacial meltwater via the Mississippi River system. The October 
1972 data indicate that Ba concentration in the Mississippi is almost ten times higher than
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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that of the surface seawater (Hanor and Chan, 1977). There are currently no data for the 
Ba concentration of the river endmember at flood stage. This study will characterize the 
Ba delivery of the Mississippi River system as a function of water discharge so that Ba 
may be used to provide a proxy for continental runoff, including river flow, floods and 
glacial meltwater discharge. The aim therefore is to establish Ba as a tool for studying 
paleoclimatic and paleohydrologic events (for example see Chapter 4).
2.2 Hydrologic Setting
The discharge of the Mississippi River to the Gulf of Mexico is controlled 
upstream at Tarbert Landing so that roughly 30 per cent of the river flow exits through the 
Atchafalaya River while the remaining 70 per cent exits through the Mississippi River 
(Shiller and Boyle, 1991). Water in both rivers is chemically very similar (Shiller, 1993). 
River discharge for both systems covary (Figure 2-1) such that low discharge rates occur 
in the Summer and Fall months before the southern winter rainy season, whereas high 
discharge rates occur during Spring due to snowmelt in the north. River water from both 
systems joins the coastal current regime upon entering the Gulf of Mexico. For the inner 
continental shelf of the northern Gulf, surface current flow is variable through the year, 
depending in large part on the wind stress (Crout et al., 1984; Cochrane and Kelly, 1986; 
SAIC, 1989). Cochrane and Kelly (1986) observed a cyclonic gyre through most of the 
year that resulted in coastal current flow westward along the Louisiana shelf. This current 
regime was confirmed by data collected from an array of moorings during a study of the 
physical oceanography of the Gulf of Mexico by the Mineral Management Service (SAIC, 
1989). A counter current flowing east occurs close to the shelf break (roughly 200 m 
isobath) (Cochrane and Kelly, 1986). Both studies show that during the Summer months 
of July and August, due in part to a weakening of wind stress, an anticyclonic gyre forms 
over the inner Louisiana shelf that results in reversed current flow direction (Cochrane 
and Kelly, 1986; SAIC, 1989).
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Samples for this study taken in November and March therefore represent similar current 
regimes during which westward flow in the inner shelf was dominant
Although the two rivers are similar in composition at their mouths, major 
physiographic differences exist in the outflow region (Shiller and Boyle, 1991; Shiller, 
1993). Thus, any difference in chemical distribution in these two mixed zones can be 
attributed to physiographic factors (Shiller, 1993). The Mississippi Delta extends nearly 
to the shelf break, so the river empties into the northern Gulf over a  narrow portion of the 
shelf (Figure 2-2). In contrast, the Atchafalaya discharges into a shallow bay that 
connects with a broad shelf. As a result, water from the Atchafalaya River mixes with 
seawater mostly at a  water depth less than 20 m. In comparison, at the Mississippi River 
mouth mixing takes places over a deeper shelf (Figure 2-2). The residence time for 
freshwater in the shelf environments near the two rivers is also quite different. Near the 
Atchafalaya, Dinnel and Wiseman (1986) estimated fresh water residence times on the 
shelf in excess of 100 days, indicating the mixing rate is slow. The freshwater residence 
time near the Mississippi Delta was found to be higher, ranging from days to weeks 
during Spring (Shiller and Boyle, 1991; Shiller, 1993). As a consequence, the 
Atchafalaya River loses much of its suspended load at low salinities before appreciable 
mixing can take place, whereas the Mississippi River plume maintains a high suspended 
load across higher salinities (Shiller, 1993). In addition, because of shallow water depth, 
the bottom regime in the Atchafalaya mixing zone could exert a larger influence on the 
chemistry of the overlying water column than that of the Mississippi mixing zone. In 
light of these differences, the Mississippi and Atchafalaya systems provide an excellent 
setting for the study of the effects of hydrodynamic and physiographic differences on the 
behavior and distribution of trace elements in the mixing zone.
2.3 Sampling and Analytical Techniques
Surface water samples at a depth of 1 m were acquired as part of the Continental 
Margin Uranium Series program (COMUS) (Krest, 1995). Samples analyzed here were
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collected during November 1993 (COMUS I) and March 1994 (COMUSII) aboard the 
R V  Pelican and represent mixing zone transects for both the Atchafalaya and Mississippi 
(Figures 2-2 and 2-3). As is evident from Figure 2-1, river samples captured low flow 
and high flow conditions for COMUS I and COMUS II, respectively. All samples were 
vacuum filtered through 0.45 pim nucleopore filters. Filtered samples were then stored in 
polyethylene bottles that had been pre-leached for 24 hours in IN HC1.
Ba concentrations were determined by isotope dilution-thermal ionization mass 
spectrometry using procedures adapted from Chan et al., (1977). An aliquot of a 135Ba 
enriched spike (diluted from the GEOSECS spike S- 6  o f Chan et al., 1977) was added to 
roughly 100 ml of water and allowed to equilibrate for 24 hours. Ba was then separated 
from other cations through cation exchange chromatography. All acids used in the 
column procedures were double distilled in Vycor. Roughly 20 ml of the spiked sample 
were passed through columns packed in Bio-Rad analytical grade cation exchange resin 
(AG 50W-X8, 200-400 mesh, hydrogen form). Samples of this size contained 
approximately 100 ng to 1 pig of Ba. The procedural blank was determined to be 0.1 ng 
of Ba and was therefore negligible for the samples used in this study. The eluted Ba was 
evaporated and loaded onto single Ta filaments for isotope determination in a Finnigan 
MAT 262 thermal ionization mass spectrometer. Data in five blocks of 10 scans were 
obtained through simultaneous collection using multiple Faraday cups. The in-run 
precision (2 a j  was better than 0.5 per cent.
Replicate analyses of a seawater sample from the Sargasso Sea (FAT Sta. 3, 1984 
m) were performed to assess the reproducibility of the method. The average of 8  separate 
determinations gave a Ba concentration of 56.97 nmol/kg with a standard deviation of 
0.58 (1.11 per cent). This agrees quite well (to within less than 0.5 per cent) with the 
concentration of 57.1 nmol/kg that had been previously determined by IDTIMS 
(Klinkhammer and Chan, 1990).
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2.4 Results
2.4.1 COMUS I - Low River Discharge
The overall distribution of Ba in the Mississippi River mixing zone at low 
discharge during COMUS I sampling is very similar to that documented by Hanor and 
Chan (1977) (Table 2-1, Figure 2-4). The river endmember concentration is 516 nmol/kg; 
the Gulf of Mexico endmember at 36 ppt is 59.7 nmol/kg. In the mixing zone between 
these two endmembers, nonconservative behavior o f Ba is obvious (Figure 2-4). In a 
plot of Ba concentration as a function of salinity (Figure 2-4), all data plot above the 
dashed line that represents conservative mixing between the two endmembers. In the 
salinity range of 0-4 ppt, Ba rapidly approaches a  maximum near 728 nmol/kg (at roughly 
3 ppt). As salinity increases above 3 ppt, Ba concentration falls off linearly to the open 
Gulf concentration. Neither perceptible removal nor contribution of Ba is visible in this 
part of the mixing zone, i.e. Ba behaves conservatively, as dilution of the continent- 
derived Ba signal occurs. This mixing zone profile, marked by early Ba release at low 
salinity, occurs in many river mixing zones and has been inferred to be the result of Ba 
desorption from clay minerals in the suspended load of the river water (Hanor and Chan, 
1977; Li and Chan, 1979; Edmond et al., 1978; Edmond et al., 1985; Carroll et al.,
1993).
Under the same flow conditions, the Ba distribution in the Atchafalaya River 
mixing zone (Figure 2-5) is grossly similar to that of the Mississippi. Nonconservative 
mixing occurs between the freshwater endmember of 574 nmol/kg and open Gulf water. 
Again, this nonconservative behavior of Ba is obvious from the scattered occurrence of 
data above the conservative mixing line between the two endmembers (dashed line in 
Figure 2-5) on a plot of Ba concentration as a function of salinity. Unlike the Ba profile 
from the Mississippi mixing zone, the profile from the Atchafalaya is not marked by 
rapid, early release of Ba at low salinities. With increasing salinity, Ba concentration 
changes little from the river endmember concentration until roughly 14 ppt. From 14 ppt
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 2-1: COMUS I, November 1993
Sample Latitude (N) Longitude (W) Salinity Barium 
______________________________________ ppt_______ nmol/kg
Mississippi:
comus2 29.22 89.83 30.9 189.4
comus7 29.12 89.54 28.8 211.2
comus8 29.00 89.46 26.0 2785
comuslO 28.94 89.25 24.8 321.7
comusl 1 28.61 89.95 33.2 126.8
comusl4 28.90 89.68 20.5 377.0
com usl6-l 29.03 89.33 0 3 516.4
comusl 8 28.88 89.61 23.7 2913
comus!9 28.88 89.53 14.6 4713
comus20 28.52 89.71 34.1 101.4
comus21 28.03 90.01 36.0 60.0
comus29 28.77 89.71 28.1 175.8
comus30 28.88 89.46 13.8 490.0
comus31 28.89 89.44 11.1 587.0
comus32 28.89 89.44 7.7 641.0
comus34 28.90 89.44 2.4 685.2
comus35 28.94 89.41 15 634.7
comus36 28.98 89.12 22.0 383.9
comus38 29.02 89.13 0.5 559.6
comus39 28.83 89.54 25.0 275.6
comus40-l 28.86 89.72 29.7 211.1
comus40-2 28.86 89.72 36.0 91.7
comus46 28.72 90.17 30.9 168.0
Atchafalaya:
comus47 28.83 91.68 33.0 122.2
comus48-l 29.01 91.61 31.7 173.7
comus49 29.19 91.55 27.8 317.5
comus50 29.20 91.54 24.9 394.6
comusSl 29.22 91.52 22.7 436.6
comus52 29.23 91.51 18.1 515.8
comus53 29.25 91.50 15.0 502.2
comus54 29.26 91.49 113 593.6
comus55 29.28 91.46 8.8 580.9
comus56 29.30 91.45 6.0 601.9
comus57 29.33 -91.42 2 3 563.0
comus58 29.45 91.29 1.0 596.4
comus59 29.45 91.29 0.2 5743
Samples are from a depth of lm with the exception of 40-2, 
which was taken from a depth of 39 m. Sampling and salinity 
analyses were performed by Krest (1995).
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Figure 2-4: Dissolved Ba concentration plotted against salinity for the 
Mississippi River mixing zone during low flow conditions of 
November 1993. The dashed line represents the conservative mixing 
line. The solid regression line represents the mixing of the effective 
river endmember with Gulf water.
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COMUS I - Atchafalaya
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Figure 2-5: Dissolved Ba concentration plotted against salinity for the
Atchafalaya River mixing zone during low flow discharge conditions of 
November 1993. The dashed line represents the conservative mixing 
line. The solid regression line represents the mixing of the effective river 
endmember with Gulf water.
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to 33 ppt, Ba decreases from roughly 510 nmol/kg to the open Gulf concentration. In 
addition, the Atchafalaya mixing zone lacks the strong linear relationship that occurs in the 
higher salinity range of the Mississippi mixing zone. The Ba profile in the Atchafalaya 
mixing zone appears to have a parabolic shape throughout the range of salinities (Figure 
2-5). While in an overall sense both the Atchafalaya and Mississippi mixing zones are 
characterized by nonconservative Ba behavior, clearly the Ba profiles indicate a different 
set of controls on trace metal distributions for the Mississippi and Atchafalaya systems 
under low river discharge conditions.
2.4.2 COMUS II - High River Discharge
High flow samples collected for the Mississippi during the second cruise (Table 2 - 
2, Figure 2-6) again demonstrate nonconservative behavior of Ba during mixing of river 
and northern Gulf of Mexico waters. The two endmember Ba concentrations were 357 
nmol/kg and nearly 51 nmol/kg for the river and Gulf endmembers, respectively. The 
river endmember is roughly 30 per cent less than that of the low discharge Mississippi 
River endmember and indicates dilution of the river signal during Spring flood. On the 
Ba-S1 crossplot, Ba concentrations for samples from the mixing zone between the two 
endmembers again plot above (i.e. higher concentration) the straight line defining 
conservative mixing between river and open Gulf. Unfortunately, the range of sampled 
salinities for the mixing zone is not as complete as is that for the low discharge suite of 
samples. Krest (1995) comments that the gaps in sample coverage are due to abrupt 
salinity gradients experienced during sampling at high flow. The low salinity range of 0 
to 10 ppt is not represented adequately enough to indicate clearly the variation in Ba 
concentration over this salinity interval. Data from 10 ppt to open Gulf salinity, in 
general, form a  linear trend indicating conservative dilution of the desorbed Ba signal. 
Despite lack of full coverage, this general Ba profile appears to be similar to that during 
low discharge in the previous Fall. Comparison of these Spring (high discharge) and Fall
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Table 2-2: COMUS II, March 1994.
Sample Latitude (N) Longitude (W) Salinity Barium 
________________________________________ ppt________nmol/kg
Mississippi:
comuslOl 28.61 89.44 36.5 503
comusl 02 28.93 89.59 18.2 271.9
comus 103-1 29.19 89.28 0.1 353.1
comusl 04 29.15 89.26 0.2 363.2
comus 105 28.89 89.44 9.6 460.1
comus 106 28.88 89.44 21.6 2783
comus 107 28.85 89.44 22.1 276.2
comus 108 28.83 89.45 28.8 163.6
comus 109 28.82 89.46 29.0 161-5
comusl 10 28.74 89.53 29.2 1623
comusl 11 28.80 89.57 29.7 1533
comusl 12 28.83 89.60 21.1 257.0
comusl 13 28.89 89.51 23.8 244.4
comusl 14 28.92 89.65 24.5 246.7
comusl 15 28.96 89.67 283 1613
comusl 16 28.97 89.68 28.6 158.0
comus 117 29.02 89.71 29.2 139.0
Atchafalaya:
comusl 18 28.96 90.91 27.5 194.9
comusl 19 28.94 91.16 25.7 226.8
comus 120 29.48 92.51 25.4 1963
comus 121 29.15 92.50 26.7 166.7
comus 122 29.08 92.25 29.2 155.2
comus 123 29.16 92.25 27.8 163.0
comus 124 29.16 92.00 27.7 180.0
comus 125 29.00 92.00 29.0 167.8
comus 126 28.80 91.99 30.9 1383
comus 127 28.64 92.00 31.9 129.6
comus 128 28.48 91.50 30.9 137.6
comus 129 28.51 91.94 33.2 127.1
comus 130 28.61 91.88 31.2 1485
comus 131 28.73 91.80 30.6 134.8
comus 132 28.90 91.71 31.2 153.6
comus 133 29.01 91.65 28.6 1913
comus 134 29.05 '91.62 24.3 282.9
comus 135 29.08 91.61 20.8 3503
comus 136 29.11 91.59 15.1 410.7
comus 137 29.15 91.57 6.8 464.9
comus 138 29.15 91.56 4.6 476.1
comusl39 29.18 91.55 2.6 458.8
comus 140 29.45 9131 0.1 358.1
All samples are from a depth of lm.
Sampling and salinity analyses performed by Krest (1995).
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Figure 2-6: Dissolved Ba concentration plotted against salinity for the Mississippi 
River mising zone during high flow conditions of March 1994. Solid line 
and dashed line are as defined in Figure 2-4.
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(low discharge) Ba profiles shows that seasonal variability exists in the mechanisms that 
affect delivery of Ba from the Mississippi to the surface Gulf of Mexico.
The river and northern Gulf surface endmembers for the Atchafalaya system 
during high discharge are very similar to those of the Mississippi system (358 nmol/kg 
and roughly 73 nmol/kg, respectively). As with the low discharge profile, during high 
discharge Ba concentrations in the Atchafalaya mixing zone plot above the conservative 
mixing line (Figure 2-7) and do not form the strong linear trend from low salinity to open 
northern Gulf salinity values visible in the Mississippi data. Compared to the Fall Ba 
profile, a  rapid Ba increase during the Spring does occur in the low salinity portion of the 
mixing zone. Ba concentration increases from the river endmember of 358 nmol/kg to a 
maximum o f476 nmol/kg at a  salinity of 5 ppt. With increasing salinity, Ba 
concentration slowly decreases to 350 nmol/kg at a salinity of 20 ppt. For salinities 
higher than 20 ppt, Ba decreases quickly to an open Gulf concentration, although this 
decrease does not occur smoothly. Between 24 and 30 ppt, the Ba concentration profile 
is complicated. There appears to be removal of Ba at this higher salinity portion of the 
mixing zone. During Spring discharge, the Ba profile in the Atchafalaya mixing zone 
looks more like that of the Mississippi than does the profile at low discharge.
2.5 D iscussion
2.5.1 Mississippi - Atchafalaya Comparison
The results from both cruises highlight the seasonal variability in the behavior of 
Ba in the Atchafalaya and Mississippi mixing zones. The Ba profiles for the two systems 
also demonstrate different Ba behavior between the Atchafalaya and Mississippi mixing 
zones during the same season. In Figure 2-8, Ba-salinity relations for the two river 
mixing zones during low discharge are juxtaposed. As described previously, the two 
distinctive features of the Atchafalaya mixing zone are the lack of a distinct Ba maximum 
at low salinity observed in the Mississippi River mixing zone and the relatively high Ba 
concentrations at intermediate salinities.
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COMUS II - Atchafalaya
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Figure 2-7: Dissolved Ba concentration plotted against salinity for the
Atchafalaya River mixing zone during high flow conditions of March, 1994. 
Solid line and dashed line are* as defined in Figure 2-4.
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Figure 2-8: Composite plot of Ba-Salinity pairs for the Atchafalaya and 
Mississippi mixing zones for low flow conditions of November 
1993. Squares correspond to Mississippi data, while diamonds 
correspond to Atchafalaya data.
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During high flow, the Atchafalaya data are characterized by a  desorption 
maximum in the low salinity portion of the mixing zone (Figure 2-9). The Mississippi 
exhibits similar Ba release, but the location of the maximum is not known due to 
incomplete sample coverage. Again, Ba values for the Atchafalaya are higher than the 
Mississippi values at intermediate salinities.
In the context of the current regime of the inner Louisiana Shelf, the question 
arises as to whether the dispersion of the Mississippi River water affects the Ba in the 
mixing zone and the shelf area surrounding the Atchafalaya River. To examine this 
possibility, the distributions of salinity and Ba for the two outflow regimes are shown in 
Figures 2-10 through 2-13. The spatial density of samples between the two river mouths 
is low, and as a consequence these contour figures are approximate. Nevertheless, some 
important relations between the two river mixing zones are evident. Although the 
Mississippi River carries twice as much water as the Atchafalaya, most mixing takes place 
near the delta so that the salinities of the mixed waters in the plume quickly reach 30 ppt 
under both high and low discharge conditions (Figures 2-10,2-12). For both salinity and 
Ba, dramatic changes occur in close proximity to the respective river mouths. The 
freshwater pulse at the mouth of the Mississippi does not appear to extend all the way to 
the mouth of the Atchafalaya River. For both mixing zones the occurrence of the Ba 
maximum during low discharge is close to the shoreline (Figures 2-11). Thus, the two 
rivers essentially maintain separate mixing regimes. On the other hand, some Mississippi 
Delta outflow water must flow west to the shelf region and participate in the mixing with 
shelf water. This will affect only the high salinity portion (> 25 ppt) of the shelf water 
(Figures 2-10 and 2-12). Under these circumstances, the behavior of Ba in the two 
mixing zones mostly reflects local controls.
Shiller (1993) observed differences in nutrient and trace element distributions in 
the Mississippi Delta region and the shelf area near the Atchafalaya. Because the 
endmember compositions of the two rivers are nearly identical, he attributed the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2-9: Composite plot of Ba-Salinity pairs for the Atchafalaya and 
Mississippi mixing zones for high flow conditions of March 1994. 
Symbols are as in Figure 2-8.
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differences to several factors related to the physiography of the two regions. The 
following discussion considers the causes that contribute to the temporal and regional 
variations in Ba distribution.
2.5.2 Hydrodynamic Variability
In a recent paper, Coffey et al. (1997) discuss Ba distributions in a number of 
estuaries in the U.S. and Europe, focusing on the magnitude of Ba release and the salinity 
where maximum release occurs. The authors present new data for the Canary Creek and 
the Chesapeake, Delaware, Maurice, Schelde, and Humber Rivers and discuss their 
findings in comparison to previous findings from the Amazon, Zaire, Mississippi, and 
Ganges-Brahmaputra Rivers (Coffey et al., 1997). Dissolved Ba in all of these estuarine 
systems behaves nonconservatively as it does in the Mississippi and Atchafalaya transects 
in this study. The systems differ, however, in that peak dissolved Ba concentrations 
occur at different salinities (Coffey et al., 1997). Assuming the only source of added Ba 
is the rapid ion exchange between seawater and river borne particulates, the variable 
location of the desorption peak is attributed to the specific hydrodynamic regimes of the 
respective rivers (Coffey et al., 1997). According to these authors, during low discharge 
suspended particulates travel across a greater salinity range in a given distance or time 
than they do during high flow conditions. This is more apparent in the salinity contours 
from the Atchafalaya data of the two cruises (Figures 2-10 and 2-12). Keeping 
desorption kinetics constant, peak Ba release would therefore occur at higher salinities 
during low river discharge. Thus, under this interpretation, the location of peak Ba 
release within salinity space is directly related to water discharge rate.
Rivers with large discharges such as the Mississippi, Zaire, Amazon, and Ganges 
all have dissolved Ba peaks at relatively low salinities (< 6 ppt). Rivers with smaller 
discharges have a Ba peak at higher salinities. Moreover, smaller rivers such as the 
Schelde and the Humber desorb Ba in the low salinity region during high discharge but
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do so at higher salinities during low discharge (Coffey et al., 1993). These observations 
indicate a relationship between Ba release and water discharge.
The Mississippi and Atchafalaya data presented in this study are consistent with a 
hydrodynamic control on the distribution of dissolved Ba within the mixing zone. The 
Mississippi, with its large water discharge, displays early Ba release at both high and low 
river stages. The Atchafalaya Ba profile during low discharge indicates desorption 
extending to higher salinities (Figure 2-5). During low flow, therefore, the salinity 
gradient within the Atchafalaya mixing zone is sufficiently compressed that particulate 
matter is transported to more saline waters (Figure 2-10). During March 1994, the water 
discharge rate of the Atchafalaya is similar to the discharge of the Mississippi in 
November 1993 (Figure 2-1). The fresh water plume moves out of the shallow bay into 
the open shelf, and the salinity gradient in the mixing zone is less steep (Figure 2-12). 
Under these circumstances, Ba desorbs from sediments while they are exposed to lower 
salinities, as in the Mississippi system.
The water discharge rate will also have a direct bearing on both the residence time 
of fresh water in the outflow region and on its suspended load. As discussed previously, 
the residence time of fresh water on the shelf near the mouth of the Atchafalaya is much 
longer than in the Mississippi Delta outflow area (Shiller, 1993). In addition, the 
Atchafalaya empties into a  low salinity bay (Figure 2-10) such that some of the suspended 
sediment may be lost before appreciable mixing with Gulf water can take place. This 
may, in part, cause a  weakened Ba release especially during low flow.
2.5.3 A Bottom-Derived Ba Component
In addition to particulate desorption, the excess Ba at intermediate salinities in the 
Atchafalaya mixing zone may be due to other processes. A possible source of Ba is 
diffusion from bottom sediments. Since the water depth of the shelf region is < 20 m 
(Figure 2-10), the impact of the bottom source on the surface water chemistry will be 
greater than in the deeper water environment around the Mississippi Delta. Previous study
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has shown a diffusive flux of Ba from ocean sediments to the overlying ocean waters 
exists (McManus et al., 1994). Microcrystalline barite (BaS04), formed in the 
microenvironment of decaying planktonic organic matter (Bishop, 1988), occurs as 
particulate matter in the ocean column (DeHairs, et al., 1980) and eventually accumulates 
at the water sediment interface. Elevated Ba contents in pore waters are thought to be due 
to the remobilization of this particulate derived Ba, primarily during sulfate reduction.
The subsequent diffusion of this pore water Ba to the overlying water column can account 
for a significant influx of Ba (McManus et al., 1994). McManus et al. (1994) calculated a 
diffusive flux of 25 - 50 nmol Ba/cm /yr for California margin sediments. Trefrey and 
Klinkhammer (1988) found elevated Ba concentrations in pore waters in the Mississippi 
Delta region. High pore water concentrations (an order of magnitude above the apparent 
saturation with respect to barite) occur in reducing sediments near the mouth of the 
Mississippi River (Trefrey and Klinkhammer, 1988). Trefrey and Klinkhammer’ s 
mechanism for Ba enrichment in near river sediments of the northern Gulf suggests that 
rapid sediment accumulation leads to anoxic conditions. Sulfate reduction within the 
sediments then occurs, remobilizes Ba, and results in high pore water concentrations. 
Such a mechanism could exist for the sediments near the mouth of the Atchafalaya River, 
but this benthic flux hypothesis must be confirmed by Ba distribution in the interstitial 
waters of the shelf sediments.
Shiller (1993) demonstrated that nutrient uptake is greater in the shelf area near the 
Atchafalaya than over the Mississippi Delta This is a manifestation of the relation 
between biological uptake and photic penetration of the water column. Biological uptake 
in the Mississippi plume, high in suspended sediments, occurs much later in the mixing 
zone than it does in the less turbid waters of the Atchafalaya region (Shiller, 1993). 
Particulate barite, often used as a  proxy for productivity (Dymond et al., 1992; and 
Schmitz, 1987), could then accumulate in these shallow shelf sediments. Subsequent 
processes of burial and remobilization might then result in pore waters of elevated Ba
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concentration that, by diffusion and under the influence of storms or tides, would 
contribute to the overlying water column. While biological uptake of Ba is not apparent 
across the salinity gradient of the Atchafalaya (Figure 2-5 and 2-7), removal may be 
masked by the effects of desorption and other inputs.
Another mechanism for input from the seafloor may be desorption from the 
sediments deposited during high discharge. It is clear from the salinity distribution in the 
Atchafalaya outflow region that the fresh water lens extends farther out on the shelf 
during the Spring (Figure 2-12). Thus, sediment deposited in and just outside the bay 
during high flow has not been exposed to saline water. During low flow in the Fall, high 
salinity water intrudes closer to the river mouth (Figure 2-10), and this water may cause 
desorption of Ba from those sediments deposited during high discharge. This is 
analogous to the behavior of 226Ra in the Pee Dee River (Elsinger and Moore, 1980). At 
the Mississippi River mixing zone, the low salinity water occurs in a limited area during 
both Spring and Fall discharge, and the desorption effect from bottom sediments would 
not be significant.
2.5.4 Evidence from Ra
Krest (1995) documented that bottom-derived Ra isotopes do contribute to the 
Atchafalaya mixing zone for this very suite of samples. He accomplished this through 
characterizing the behavior of 226Ra and 228Ra, products of radioactive decay of ^ ^ h  and 
^ ^ h  (half-lives of 7.5xl04 yr and 1.4xl010 yr, respectively), in the mixing zones for the 
Mississippi and Atchafalaya Rivers. Isotopes of Ra, like Ba, behave nonconservatively 
in river mixing zones, due to desorption from suspended clays that are exposed to 
seawater (Li and Chan, 1979; Key et al., 1985; Moore and Scott, 1986; Carroll et al., 
1993). 226Ra and 228Ra isotopes react similarly to the ionic strength of the solution. Thus, 
the ratio of their activities in the desorbed component reflects the activity ratio of the 
adsorbed Ra on the suspended sediments before mixing. Krest (1995) demonstrated this 
through desorption experiments. In his experiments 228Ra/226Ra activity ratios (AR) for
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river sediments from the Mississippi and Atchafalaya and for desorbed Ra are roughly 
1.2. In addition to fluvial input, Ra isotopes are also produced in the marine environment 
at the seafloor. Th parent isotopes are scavenged readily from the water column by 
particulate phases, causing them to accumulate in bottom sediments where radiogenic 
decay to the Ra isotopes occurs. Regeneration of 228Ra in bottom sediments occurs more 
rapidly than does 226Ra because of the shorter half-life of its parent isotope. 
Consequently, a  bottom-derived Ra signal has a larger 228Ra/226Ra AR than that of the 
desorbed signal. Within the river mixing zone, an increase in the 228Ra/226Ra AR above 
the value of 1.2 observed for these particular river endmembers indicates the introduction 
of a bottom-derived component to the mixing zone.
Krest’s (1995) 226Ra and 228Ra mixing zone profiles support inferences made so 
far from the Ba data. During low discharge in the Mississippi mixing zone, 228Ra/226Ra 
AR values through much of the salinity range (0-25 ppt) are close to 1.2, evidence that 
desorption is the primary process contributing excess Ra (Krest, 1995). Only in the 
higher salinity portion of the mixing zone do AR values increase above 1.2, indicating a 
bottom-derived Ra component. For the Atchafalaya mixing zone during low discharge, 
Ra again behaves nonconservatively. But, 228Ra/226Ra AR values are greater than 1.5 for 
mixing zone salinities above 2-4 ppt and are 2.0 or higher for salinities greater than 10 ppt 
(Krest, 1995). These elevated AR values occur coincident with Atchafalaya Ba contents 
exceeding those for the Mississippi (refer to Figure 2-8). Similarly, results for the Spring 
discharge samples show bottom-derived Ra activity ratios in the Atchafalaya shelf area 
(Krest, 1995). These Ra data demonstrate that trace metal enrichment in the Atchafalaya 
mixing zone could be derived from shelf sediments and that the influence of the diffusive 
flux is controlled by local bathymetry. It must be noted, however, that Ba and Ra have 
different source functions in the sediments, and as stated previously, the diffusive flux 
from shelf sediments must be proven by pore water measurements.
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2.5.5 Formation Water and Groundwater Sources
Fu et al. (1994) and Fu and Aharon (1997) documented the occurrence of barite- 
rich chimneys in association with hydrocarbon seeps on the Louisiana slope. Barite 
formation at these locations is due to expulsion of Ba-rich formation water along near­
surface shallow faults (Macpherson, 1989; Fu et al., 1994; Fu and Aharon, 1997). 
Hydrocarbon seeps represent point sources, and the chemical fluxes associated with the 
fluids are difficult to assess. Moreover, these seep sites are bathymetrically limited to 
greater depths where active salt tectonics is occurring. Therefore, hydrocarbon seeps 
represent an unlikely source for elevated Ba contents in the inner shelf area off the 
Atchafalaya River where expulsion of hydrocarbons and barite chimney have not been 
observed.
Recently groundwater has been identified as an important source of Ba and Ra in 
the ocean (Shaw etal., 1995; Moore, 1996; Moore and Church, 1996; Moore, 1997).
The groundwater delivery mechanism is based on renewal of dissolved trace metals in 
groundwaters through successive encroachment and retreat of the salt water tongue into 
and out of shallow nearshore aquifers (Moore, 1996). Elevated Spring discharge would 
flush the aquifer; low discharge in the Fall would allow the saltwater to penetrate the 
aquifer. To supply the coastal system, formation clays would cyclically adsorb and 
desorb Ra and Ba species.
Several critical unknowns remain for models incorporating groundwater as the 
input mechanism to the shelf waters of the northern Gulf of Mexico. Further study is 
needed to document effectively groundwater as a legitimate source of Ba for coastal 
Louisiana waters.
2.5.6 Fluvial Flux of Ba to the Northern Gulf of Mexico
The dissolved flux of riverine Ba to the surface water in the Gulf of Mexico can be 
calculated for the two river systems from the Ba data and water discharge data for the 
times of sampling, provided the contribution from shelf sediments is relatively minor.
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Such calculations require consideration of both the fluvial endmember concentration and 
the contribution from nonconservative mixing. This is accomplished through 
determination of the effective river endmember concentration.
Effective river endmember compositions are determined by fitting a  straight line 
through the linear portion of the Ba versus salinity curve and extrapolating the linear 
regression line to a  salinity of 0 ppt (after Boyle et al., 1977; Hanor and Chan, 1977). 
Extrapolations are performed in Figures 2-4,2-6, and 2-7. Use of this method is 
hampered by the large impact of bottom-derived Ba in the mixing zone of the Atchafalaya 
River during low discharge (Figure 2-5). The riverine dissolved Ba and the effective 
river endmember for the two rivers are summarized in Table 2-3. The effective 
endmember of the Mississippi during low discharge is 785 nmol/kg. During Spring 
flow, the Mississippi and Atchafalaya have nearly identical effective river endmember 
concentrations of 585 and 602 nmol/kg respectively. Thus the increase of river flux due 
to desorption is 52 per cent during low discharge and 66 to 68 per cent during high 
discharge (Table 2-3). Note that the contribution from desorption is only slightly larger 
during high discharge. The increases for the Atchafalaya and Mississippi River systems 
are comparable to other rivers: 30 per cent for the Zaire (Edmond et al., 1978), 90 per 
cent for the Amazon (Boyle, 1976), 30 per cent for the Hudson (Li and Chan, 1979).
The Ganges-Brahmaputra shows an increase of 150 per cent (Carroll et. al, 1993).
Moore (1997) proposed that this large flux is in part sustained by groundwater input.
The fluvial Ba fluxes of the Mississippi and Atchafalaya for the two sampling 
periods are calculated by multiplying the water discharge by the effective river endmember 
concentration (Table 2-3). During low flow conditions of November 1993, 
the Mississippi was discharging dissolved Ba at the rate of 2.57 x 108 mol/yr. During 
high flow of March 1994, the discharge value was 5.25 x 108 mol/yr for the Mississippi 
and reached 2.32 x 108 mol/yr for the Atchafalaya. These data show that the Ba 
contribution from the Mississippi River during Spring discharge is nearly twice the
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Table 2-3: Ba flux calculations
Date System River Ba EREM % increase Discharge Total Ba flux
nmol/kg nmol/kg by desorption m3/sec 1 0 8 mol/year
11/93 Mississippi 516 785 52 11,230 2.57
Atchafalaya 574 4,770
3/94 Mississippi 353 585 6 6 28,450 5.25
Atchafalaya 358 602 6 8 1 2 , 2 0 0 2.32
EREM represents the effective river endmember composition. All discharge data are 
from U.S. Geological Survey, 1992-1994 Water Resources Data for Louisiana, Water 
Data Reports, Washington, D.C.
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contribution during Fall discharge, despite lower Ba content during high flow relative to 
low flow conditions. The low flow Ba flux from the Mississippi presented here is similar 
to the previous estimate by Hanor and Chan (1977). For their samples from October 
1972, the dissolved Ba flux to the surface Gulf was 2.25 x 108  mol/yr (Hanor and Chan, 
1977). The flow weighted mean dissolved Ba flux of the Mississippi River based on the 
1993/1994 results is 3.76 x 108 mol/yr. Including the Atchafalaya contribution, the total 
fluvial Ba flux of the two rivers to the Gulf of Mexico is 4.9 x 108 mol/yr. The world 
river flux of Ba has been estimated to be 1.0 x 1010 mol/yr (Edmond et al., 1979). 
Therefore, the Mississippi and Atchafalaya contribution accounts for approximately 5 per 
cent of the global fluvial flux of Ba.
2.6 Conclusions
The distribution of Ba in the Atchafalaya and Mississippi River mixing zones 
under conditions of high and low river discharge have been measured. Although the 
shapes of the general profiles across the salinity gradient are similar to that found by 
Hanor and Chan (1977), geographic variability and seasonal variability in the mixing 
zones are evident
Ba is released from river borne sediments in the mixing zones of the Mississippi 
and Atchafalaya Rivers. The location of maximum release seems to depend on the water 
discharge. The desorption occurs at higher salinities under low discharge conditions 
(i.e., Atchafalaya during low flow), presumably because the particulates can move across 
a greater salinity range before desorption. In contrast, desorption occurs early in rivers of 
high water discharge (i:e. the Mississippi, and Atchafalaya during high flow). The 
elevated Ba concentration at the intermediate salinity range of the Atchafalaya mixing zone 
can also be attributed to diffusion from the shallow shelf sediments. The bottom flux 
could be generated by remobilization of Ba from sedimentary barite or desorption of Ba 
from sediments deposited previously that have not been exposed to saline water. Thus,
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the different distributions of Ba across the salinity gradient of the two rivers reflect 
localized factors such as water discharge rate, sediment load, and local bathymetry.
Effective river endmembers can be calculated for the Mississippi and Atchafalaya 
during the high flow conditions of the March 1994 cruise; however, low flow conditions 
make the extrapolation difficult for the Atchafalaya data. During November 1993 the 
effective river endmember for the Mississippi was 785 nmol/kg. March 1994 values for 
the Atchafalaya and Mississippi were 585 and 602 nmol/kg, respectively. A simple flux 
calculation involving the effective river endmember concentrations and discharge data at 
the time of sampling reveals a  near doubling of the dissolved Ba flux to the northern Gulf 
of Mexico from low flow conditions to high flow conditions. The results of this study 
underscore the importance of seasonal variation and estuarine modification in the 
consideration of fluvial fluxes to the ocean.
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Chapter 3
Dissolved Ba in the Southern Waters of the Gulf o f Mexico
3.1 Introduction
Previous large-scale studies of open ocean geochemistry have demonstrated the 
usefulness of Ba for delineating water masses, elucidating circulation, and uncovering the 
effects o f interaction between the ocean water column and the seafloor (Chan et al., 1976; 
Chan et al., 1977; Ostlund et al., 1987). In the marginal sea setting, such as that of the 
Gulf of Mexico, little is known about the cycling of trace elements like B a Study of Ba 
potentially offers important information about chemical sources for the basin, circulation 
of water masses, and the overall importance of marginal seas as elemental sources or 
sinks with respect to the open ocean.
The Gulf of Mexico receives dissolved Ba from continental runoff, predominantly 
from the Mississippi River, and from Atlantic waters that flow into the Gulf by way of the 
Caribbean Sea (Chan et al., 1977; Hanor and Chan, 1977; Chan and Hanor, 1982). An 
additional source for Ba in the basin may be found in Ba-rich seep fluids expelled along 
the Texas-Louisiana Slope (Fu et al., 1994; Fu and Aharon, 1997). These varied sources 
make the Gulf an excellent location for the study of what proximity to surface and deep 
Ba sources means for the localized Ba distribution as well as for the open ocean Ba 
distribution. To date, however, the study of dissolved Ba in the Gulf of Mexico has been 
limited to the estuary and shelf environments of the northern Gulf (Hanor and Chan,
1977; Chan and Hanor, 1982; Chapter 2). Before this study, no regional framework for 
the distribution of dissolved Ba in the Gulf has been undertaken.
A regional-scale study of Ba in the Gulf of Mexico is important for more than just 
an understanding of the present day processes of the Gulf basin. The development of Ba 
as a tracer of past ocean chemistry stems from our understanding of the present 
distribution of Ba in the marine environment (Lea and Boyle, 1989; Lea and Boyle, 1990
42
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a and b; Lea and Boyle, 1991; Lea, 1993; Lea, 1995). The deep Gulf of Mexico, fed by 
waters derived from intermediate depths in the Atlantic, is an excellent setting for studying 
the changes in the intermediate Atlantic circulation that have occurred during global 
climatic cycles. Moreover, the surface water of the Gulf is sensitive to river discharge.
Ba is more concentrated in river water than in seawater and may be a useful indicator of 
paleohydrologic and glacial meltwater events. An understanding of the distribution of Ba 
in the Gulf of Mexico, therefore, would pave the way for greater understanding of the 
impact of meltwater pulses and changes in ocean circulation that result from climatic 
variations.
This study represents the first detailed measurement of the spatial distribution of 
dissolved Ba in the Gulf of Mexico. Vertical concentration profiles are established along a 
southern transect extending from the Gulf entrance at the Yucatan sill to the Bay of 
Campeche. The objectives of the study are to examine the distribution of Ba in the Gulf 
of Mexico in relation to Gulf processes and the Atlantic inflow. This study also serves as 
a baseline study against which the results of climatic variation in the past can be 
compared.
3.2 M orphology and Oceanography of the Gulf of Mexico
The Gulf of Mexico is a fairly restricted basin, hemmed in by the Honda and 
Yucatan Peninsulas (Hgure 3-1). Compared to the ocean basins, the Gulf is relatively 
shallow (roughly 3700 m). Figure 3-1 (Bryant et al., 1990) illustrates the complexity of 
the basin physiography. The Horida and Yucatan Peninsulas are large carbonate 
platforms that have formed since the Cretaceous (McFarlan and Menes, 1990). Clastic 
sediments deposited through the Cenozoic have built the broad Texas-Louisiana Shelf and 
Slope that extend westward from the Horida Platform to the Rio Grande River (Galloway 
etal., 1990; Salvador, 1990). To the South, the East Mexico slope formed in large part 
as a  result of tectonic uplift and volcanic activity associated with the Laramide Orogeny in 
Mexico (Salvador, 1990). The Campeche Knolls in the Bay of Campeche constitute the
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province that bounds the Yucatan Platform on the West This province is similar to the 
Texas-Louisiana Slope in that active salt tectonics resulting from sediment loading and 
basinal extension create an extremely irregular bathymetry (Bryant et al., 1990; Salvador, 
1990).
In general, seawater flows into the Gulf basin through the Yucatan Channel and 
exits mainly through the Florida Straits, forming a loop current in shallow waters (Figure 
1-1). The water masses feeding and exiting the Gulf of Mexico are governed by sill 
depth. For the Yucatan Channel the maximum sill depth ranges between 1900 and 2000 
m (McLellan and Nowlin, 1963; Carder et al., 1977). This sill establishes a maximum 
depth for water coming from the Caribbean Basin. Shallow water exits through the 
Horida Strait over a  sill about 800 m deep (Nowlin and McLellan, 1967; Nowlin, 1971), 
while a southward flow of deep water has been detected over the Yucatan Sill (Carder et 
al., 1977; Hansen and Mollinari, 1979).
The water column in the Gulf of Mexico is composed of several water masses, 
each characterized by distinct physical and chemical properties (Figure 3-2) (Nowlin and 
McLellan, 1967; Nowlin, 1971; Morrison et al., 1983). The upper layer of the Gulf 
consists of the following water masses: Surface Mixed Layer (0-100 m); Gulf Water, 
(GW) (100-250 m in western Gulf); Subtropical Under Water, (STUW) (100-250 m in 
eastern Gulf); and the Oxygen Minimum Water, (OMW) (250-750 m). Both GW and 
STUW are indicated by a salinity maximum, 36.4 to 36.5 ppt for GW and approximately 
36.8 ppt for the STUW (Nowlin and McLellan, 1967; Morrison et al., 1983). STUW is 
found in the eastern region of the Gulf in association with the Loop Current. These 
waters are derived from saline surface waters in the subtropical North Atlantic (Nowlin, 
1971). The OMW contains low concentrations of dissolved oxygen, 2.5 ml/1 compared 
to 4.5 ml/1 at the surface (Nowlin, 1971). However, a range of depths for the core of the 
OMW exists in the Gulf due largely to the strong current regime created by the 
morphology of the Gulf margin (Nowlin, 1971; Shiller, in press). In the eastern regions
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Figure 3-2: Water masses of the Gulf of Mexico. Water masses defined in the 
text are indicated on a plot of Salinity and Potential Temperature versus 
Depth for samples from Station 3.
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of the Gulf basin, circulation of these shallow water masses reflects the impact of the 
clockwise Loop Current (Nowlin, 1971). Rotating cyclonic and anticyclonic eddies shed 
by the Loop Current propagate westward to dominate circulation in western regions of the 
Gulf (Merrill and Morrison, 1981; Elliot, 1982; SAIC, 1989; Welsh, 1996).
Two principal water masses reside below these shallow waters. The Antarctic 
Intermediate Water (AAIW), marked by a salinity minimum (about 34.8 ppt), is found 
between 750 and 1000 m (Nowlin, 1971). In the Gulf, the presence of the AAIW is also 
indicated by nutrient maxima (Morrison et al., 1983). A mixture of Caribbean Midwater 
(CMW) and the upper North Atlantic Deep Water (UNADW) enters the Gulf over the 
Yucatan Sill and resides below the AAIW (1000 -1500 m) (Morrison et al., 1983).
The Gulf Basin Water (GB W) occupies depths below 1500 m (McLellan and 
Nowlin, 1963; Nowlin, 1971; Morrison et al., 1983). Only slight vertical and spatial 
variation in salinity and potential temperature occur within this water mass. Salinity 
ranges between 34.965 and 34.976 ppt, and potential temperature ranges between 4.20 
and 4.00 °C (McLellan and Nowlin, 1963). Nutrient distributions within the GBW are 
likewise relatively invariant (Morrison et al., 1983). Compared to the Yucatan Basin, 
dissolved silica in the GBW is relatively high (Carder et al., 1977). According to Carder 
et al. (1977) silica profiles from the Yucatan Straits suggest deep current flow from the 
Gulf Basin over the sill into the Caribbean. Hansen and Molinari (1979) also suggested 
that oxygen distributions in the Yucatan Straits reveal southward migration of water from 
the Gulf Basin to the Yucatan Basin. Therefore, deep water flowing from the Gulf to the 
Caribbean balances the renewal waters that enter through the Yucatan Straits.
Mechanisms for deep circulation within the deep Gulf have recently been 
advanced. Hamilton (1990) suggested that low frequency pulsations of the Loop 
Current, especially during eddy shedding, generate topographic Rossby waves that 
propagate westward in the Gulf basin. In his model, this deep circulation is decoupled 
from the surface cyclonic and anticyclonic eddy dominated circulation. Welsh (1996), in
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her recent models of Gulf circulation, suggested that deep cyclones were coupled to 
surface circulation as they migrate westw ard.
3.3 M ethods
During May of 1992, as part of a  joint cruise with the Universidad National 
Autonoma de Mexico aboard the BIO Justo Sierra, samples were collected from 14 
hydrographic stations in the southern Gulf of Mexico. Station locations are listed in Table 
3-1 and displayed in Figure 3-3. Water samples were collected using a rosette of 12 one- 
liter Niskin bottles. Physical data were gathered from a rosette mounted CDT probe.
Each Ba sample was carefully collected from the Niskin bottle into polyethylene 
bottles that had been previously leached for 24 hours in IN hydrochloric acid. Ba 
concentrations were determined by isotope dilution-thermal ionization mass spectrometry 
using procedures adapted from Chan et al (1977). All samples were spiked using an 
aliquot of a 13SBa spike (diluted from the GEOSECS spike S- 6  o f Chan et al., 1977). Ba 
was separated from other cations through the cation exchange chromatographic techniques 
detailed in Chapter 2. Sample sizes on the order of 100 ng were used, thereby rendering 
negligible the procedural blank of roughly 0.1 ng. Ba was determined using a Finnigan 
MAT 262 TIMS, where data in five blocks of 10 scans were obtained through 
simultaneous collection using multiple Faraday cups. The in-run precision (2 orj was 
better than 0.5 per cent
3.4 Results
Salinity (5), Potential Temperature (0), and dissolved Ba concentrations are 
tabulated in Table 3-2. CDT probe data collected during this study are high resolution, 
sampled every 5 cm. Complete listings of the readings are not practical and are not given 
here. For the following discussion, physical data have been extracted from the 
continuous CDT probe data at those depths corresponding to water samples.
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Table 3-1: Station Locations for Water Samples
Station________ Latitude (N) Longitude (W) Water Depth (m)
MIC 1001 21° 13' 94° 56' 3220
MIC 1003 23° 30' 93° 00' 3710
MIC 1008 23° 38' 90° 00' 2598
MIC 1009 24° 53' 87° 53’ 2300
MIC 1014 23° 35' 8 6 ° 27’ 1185
MIC 1018 21° 40' 8 6 ° 23' 259
MIC 1020 21° 49’ 8 6 ° 08’ 1342
MIC 1021 21° 40' 85° 55' 1960
MIC 1022 20° 27' 8 6 ° 0 0 ’ 2440
MIC 1023 20° 35' 8 6 ° 2 1 ' 1235
MIC 1041 28° 47’ 8 8 ° 30’ 228
MIC 1055 21° 44' 93° 15' 3200
MIC 1057 2 0 ° 1 1 ' 94° 02’ 1316
MIC 1058 20° 27' 95° 15' 2870
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Table 3-2: Potential Temperature, Salinity, and Barium data for all stations.
Sample Depth (m) Pot. Temp. (° Q Salinity (ppt) Ba (nmol/
Station I, 3220 m
1001-2 50 23.385 36.430 53.604
1001-3 75 22.539 36.416 55.082
1001-4 100 21.516 36.344 55.519
1001-5 200 16.216 36.201 42.143
1001-6 500 8.821 35.070 48.516
1001-7 700 6.692 34.923 57.052
1001-9 1400 4.313 34.914 64.445
3000 4.307 34.988
1001-12 3060 4.313 34.981 64.093
Station 3, 3710 m
1003-1 5 26.350 36.023 57.668
1003-2 50 23.642 36.326 56.512
1003-3 75 22.981 36.436 53.457
1003-4 100 22.448 36.432 52.900
1003-5 200 17.427 36.381 42.496
1003-6 500 9.373 35.180 47.758
1003-7 700 6.634 34.947 56.355
1003-8 1000 5.113 34.958 60.138
1003-9 1400 4.317 34.999 63.641
1003-10 2000 4.242 35.007 62.904
1003-11 3000 4.314 35.009 62.781
Station 8, 2598 m
1008-1 5 26.381 35.876 63.429
1008-2 20 25.982 36.077 57.349
1008-3 30 25.473 36.157 61.236
1008-4 75 22.485 36.319 59.857
1008-5 100 20.804 36.273 57.317
1008-6 200 16.451 36.246 41.904
1008-7 500 8.707 35.098 48.838
1008-8 700 6.389 34.935 55.126
1008-9 1000 4.994 34.967 57.471
1008-10 1325 4.379 34.992 62.513
1008-11 2000 4.259 35.008 62.854
1008-12 2500 4.278 35.009 62.882
Station 9,2300 m
1009-1 5 45.676
1009-2 50 27.259 35.749 45.667
1009-3 75 27.079 35.082 44.505
1009-4 100 26.475 36.025 44.410
1009-6 300 18.678 36.602 40.897
1009-7 400 16.207 36.222 41.972
(table continued)
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Table 3-2: cont.
Sample_________Depth (m) Pot Temp. (° Q  Salinity (ppt) Ba (nmol/kg)
Station 9, 2300 m, cont.
1009-8 500 12.476 35.614 43.067
1008-9 700 7.801 34.987 45.262
1009-10 1000 5.031 34.959 59.855
1009-11 1400 4.338 34.996 62.016
1009-12 1900 4.246 35.004 62.603
Station 14,1185 m
1014-1 5 28.955 35.300 40.065
1014-2 10 28.972 35.260 38.915
1014-3 20 27.414 35.795 48.426
1014-4 30 24.838 36.399 40.875
1014-5 50 21.733 36.459 47.595
1014-6 75 19.789 36.626 42.085
1014-7 100 18.701 36.545 42.076
1014-8 200 13.274 35.743 44.635
1014-9 500 7.158 34.946 43.617
1014-10 700 5.607 34.939 57.512
1014-11 1000 4.581 34.985 61.749
1014-12 1150 4.282 35.000 64.576
Station 18, 259 m
1018-1 5 29.153 35.132 45.487
1018-2 10 29.198 35.112 45.425
1018-3 20 28.897 35.218
1018-4 30 28.751 35.272 44.173
1018-5 50 21.446 36.574 43.340
1018-6 75 18.918 36.589 43.404
1018-9 150 16.831 36.311 43.445
1018-10 170 16.101 36.192
1018-11 180 15.886 36.166 42.620
1018-12 225 15.018 36.028 43.641
Station 20, 1342 m
1020-1 5 30.294 34.625 47.449
1020-4 50 24.986 36303 44.620
1020-6 100 19.175 36.537 42.657
1020-7 150 . ~ 16.973 36.302 41.659
1020-8 200 16.027 36.139 42.091
1020-9 500 8.958 35.060 47.522
1020-10 800 5.810 34.914 56.947
1020-11
1020-12
1000
1280
4.959 34.947 58.927
60.100
(table continued)
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Table 3-2: cont
Sample________ Depth (m) Pot Temp. (° Q  Salinity (ppt) Ba (nmol/kg)
Station 21,1960 m
1021-1 5 30.639 34.399 45.442
1021-2 10 30.659 34.385
1021-3 20 30.592 34.409
1021-4 50 29.068 34.896 45.020
1021-6 100 25.787 36.463 44.454
1021-7 150 21.715 36.883 41.748
1021-8 200 18.470 36.549 41.605
1021-9 500 10.248 35.261 44.859
1021-10 800 6.475 34.901 54.621
1021-11 1000 5.056 34.953 58.995
1021-12 1122 4.804 34.968 60.440
Station 22, 2440 m
1022-1 5 31.210 34.218 45.596
1022-2 10 30.811 34.345
1022-3 50 28.541 35.246 46.741
1022-4 100 27.001 35.943 44.805
1022-5 200 22.760 36.900 42.692
1022-6 300 18.726 36.611 41.705
1022-7 500 12.343 35.567 42.747
1022-8 700 7.785 34.956 49.445
1022-9 1000 5.177 34.944 57.178
1022-10 1400 4.389 34.992 59.253
1022-11 2000 4.213 35.012 54.679
1022-12 2400 4.158 35.020 53.615
Station 23,1235 m
1023-1 5 31.086 34.274 45.909
1023-2 20 30.620 34.403
1023-3 30 29.954 34.595
1023-4 50 29.183 34.888 44.961
1023-5 100 26.527 36.093 45.077
1023-6 150 24.947 36.620 43.652
1023-7 175 22.593 36.908 42.476
1023-8 250 18.462 36.556 41.789
1023-9 500 10.976 35.359 45.841
1023-10 800 . 6.400 34.899 54.049
1023-11 1000 4.981 34.963 58.777
Station 41, 228 m
1041-1 10 30.393 34.715 43.817
1041-2 20 29.634 34.968 43.907
1041-8 50 23.154 36.412 50.299
1041-10 100 20.783 36.694 48.643
1041-11 150 16.776 36.280 42.279
1041-12 200 14.797 35.989 43.721
(table continued)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 3-2: cont.
Sample_________Depth (m) Pot Temp. (° Q  Salinity (ppt) Ba (nmol/kg)
Station 55,3200 m
1055-1 5 61.318
1055-2 50 56.049
1055-4 100 49.780
1055-5 200 42.337
1055-6 300 44.464
1055-7 500 49.317
1055-8 700 54.701
1055-9 1000 56.463
1055-10 1400 63.602
1055-12 2975 63.754
Station 57,1316
1057-3 5 31.102 33.893 64365
1057-4 50 24.149 36.242 53.921
1057-5 75 20.416 36.508 48.545
1057-6 100 18.479 36.464 44.600
1057-7 200 13.825 35.844 50.642
1057-9 500 7.869 35.028 43.773
1057-10 700 5.984 34.944 51.812
1057-11 1000 4.896 34.973 61.078
1057-12 1200 4.404 35.004 62.825
Station 58, 2870 m
1058-1 5 32.400 33.742 65.767
1058-2 50 23.266 36.476 52.363
1058-3 75 21.970 36.382
1058-4 100 20.572 36.298 56.061
1058-5 200 14.946 36.024 42.012
1058-6 300 11.565 35.500 44.226
1058-7 500 8.229 35.065 50.980
1058-9 1000 4.839 34.976 57.783
1058-10 1400 4.255 35.009 63.276
1058-11 2000 4.217 35.015 63.483
1058-12 2800 4.284 35.018 64.065
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3.4.1 Salinity and Potential Temperature Data
A composite salinity profile is given in Figure 3-4. In the surface water, the 
salinity distribution varies widely from as low as 33.7 ppt for Station 58 to as high as 36 
ppt for Station 3. Salinity values generally increase with depth from these surface values 
to a  maximum between 36.5 and 37.0 ppt at depths between 100 and 200 m. The depth 
and magnitude of the salinity maximum are highest for stations at the Yucatan Inflow (i.e. 
Stations 21,22, and 23). Both depth and magnitude decrease with westward flow into 
the basin as indicated by values for Stations 57 and 58. Below the salinity maximum, 
salinities quickly approach a minimum of 34.9 ppt. At depths greater than 100 m, 
salinities for all stations are nearly uniform at about 35.0 ppt.
Potential temperature profiles for all stations have the same basic features (Figure 
3-5). 6 drops dramatically over the first 1000 m from surface values between 25 and 33 
°C to values less than 5 °C. Some variation in potential temperature is present above 1000 
m; values for stations at the Yucatan Inflow decrease more gradually than those for 
stations in the Bay of Campeche. For example, values at 500 m for Stations 22 and 58 
are roughly 13 and 8  °C respectively. Below 1000 m, however, uniform potential 
temperatures of roughly 5 °C exist throughout the waters sampled.
3.4.2 Dissolved Ba
Ba distribution plots are presented in Figure 3-6. To facilitate discussion the 
individual stations have been organized into three groups according to oceanographic 
setting (Figure 3-3). The first group consists of Stations 58,57, 55, 1, and 3. These 
stations cluster in and around the.Bay of Campeche in the southwestern region of the Gulf 
of Mexico. The group designated as Platform Stations includes Stations 8 ,9 ,41 , and 14. 
These stations occur either on the shallow carbonate platform (e.g. Station 41) or very 
near the northern extension of the Yucatan Platform. The final group, Stations 18,20,
21,22, and 23, is located on the eastern portion of the Yucatan Peninsula near the inflow 
(Figure 3-3).
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The general distribution of Ba in the southern Gulf of Mexico is characterized by 
elevated concentrations o f Ba in the surface water. For stations in the first group, surface 
concentrations are generally above 55 nmol/kg. Stations 58 and 57 have higher surface 
concentration, roughly 65 nmol/kg. With increasing distance from the continental 
margin, surface Ba concentration decreases to roughly 53 and 58 nmol/kg for Stations 1 
and 3, respectively. However, the surface Ba concentrations for these stations all exceed 
the open ocean value of approximately 42 nmol/kg observed in the Atlantic near the 
Caribbean inflow (Chan et al., 1977). For comparison, the Ba profiles from Stations 3 
and 8  are plotted in Figure 3-7 next to that of GEOSECS Station 33, near the inflow from 
the Atlantic Ocean into the Caribbean Sea. Surface water Ba concentrations in the open 
Gulf of Mexico are clearly different from those of the open Atlantic. Surface Ba 
concentrations for platform stations range from roughly 64 nmol/kg at Station 8  on the 
western edge of the platform to 41 nmol/kg for Station 14 on the eastern side of the 
platform. For Stations 9 ,41 , and 14, surface Ba concentrations are lower than those for 
stations in the Bay of Campeche, but a fair degree of scatter does exist for data from these 
stations. Yucatan Inflow stations show less variation, having a range of surface Ba 
concentration from 42 to 48 nmol/kg. Station 20 has the highest surface value of these 
stations, reaching nearly 48 nmol/kg.
Below the surface enrichment, all stations are characterized by a  decrease to a  Ba 
minimum of approximately 40 nmol/kg at 250 m depth. With increasing depth, Ba 
concentration increases, consistent with observed Ba behavior in the Atlantic near the 
Caribbean inflow (Chan, et al., 1977) (Figure 3-7). With the exception of Stations 41 
and 18, both of which are relatively shallow in total depth, Ba concentration for all 
stations gradually increases to values above 60 nmol/kg. Yucatan Inflow stations, 
however, do not reach values higher than 62 nmol/kg at depth. Of these stations, only 
Station 22 is deep enough to uncover a  decreasing trend in Ba concentration below 1500 
m. This decreasing Ba concentration is consistent with the decrease in Ba concentration
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in the Atlantic Ocean at comparable depths (Figure 3-7). From the relative maximum of 
62 nmol/kg, Ba concentration at Station 22 falls to a  value of nearly 54 nmol/kg at depths 
greater than 2000 m. Platform and Bay of Campeche Stations have Ba profiles that 
uniformly achieve concentrations of between 64 and 65 nmol/kg by 1500 m and hold this 
value to depths of 3000 m.
3.5 Discussion
3.5.1 Water Mass Structure
The cross plot of salinity and potential temperature data (Figure 3-8) is a near 
replica of similar curves from Nowlin and McLellan (1967); Morrison et al. (1983) and 
Brooks (1984). From this salinity-temperature relation, water mass locations can be 
inferred for the Gulf of Mexico at the sample locations.
From Figure 3-8 a few trends are discernible. Salinities increase to a maximum 
occurring at potential temperatures of roughly 20 °C and a depth of roughly 200 m. This 
salinity maximum corresponds to the presence of the Subtropical Underwater that flows 
in from the Atlantic through the Caribbean (Nowlin, 1971). Between the temperatures of 
20 and 25 °C, a distinct separation between near surface waters in the Caribbean and those 
in the Gulf of Mexico is visible. This portion of the curve reveals the presence of the 
STUW (eastern samples) and the GW (western samples). Nowlin (1972) also saw this 
distinction in a compilation of a  much larger database and attributed it to a difference 
between surface waters of the open Gulf and those within the Loop Current.
Deeper in the water column a salinity minimum exists at roughly 6  °C. This 
minimum has been previously interpreted as indicative of the Antarctic Intermediate Water 
(AAIW) (Nowlin, 1972; Morrison et al, 1983) residing at roughly 1000 m. Between 
this mass and the overlying STUW at about 200 m, resides the Oxygen Minimum Water, 
documented by Morrison et al. (1983). Below the AAIW, waters are characterized by 
nearly homogeneous 8 and S. These deep Gulf waters are composed of remnants of the
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Upper North Atlantic Deep Water (UNADW) and the Caribbean Midwater (CMW) that 
overly the deep Gulf Basin Water (GBW).
Regional contour maps of the vertical distributions of Potential Temperature and 
Salinity are presented in Plates 1 and 2 respectively. The order in which the stations 
occur in the maps is indicated by a dashed polyline on Figure 3-9. These contour figures 
do not represent a  specific transect through the Gulf Basin, but instead they are more 
diagrammatic representations of the distribution of these physical parameters. To 
construct these contour maps, station locations were projected along longitudes to an 
idealized planar surface of constant latitude. As such, geographic proximity to the 
continental margin is not preserved in the figures. In addition, the bathymetry expressed 
in these figures (black polygons) is likewise diagrammatic and approximate. To constrain 
the contouring, these black bathymetric polygons were constructed to honor the deepest 
samples from each hydrographic station. Depth units are expressed in millimeters, and 
longitude is expressed as meters in the X (Easting) direction. All of these figures have a 
Universal Transverse Mercator (Zone 15) projection.
On a regional scale Potential Temperature (Plate 1) alone gives little information 
about the distribution of the water masses within the Gulf of Mexico. For the GBW (> 
1500 m depth) 8 is nearly constant, ranging between 4  and 5 °C. At successively 
shallower depths, 8 uniformly increases to the warm waters (> 23 °C) that characterize 
much of the Gulf of Mexico surface water at the time of sampling.
The Salinity contour map (Plate 2) illustrates a number of key points. S in the 
southern Gulf varies little below -1000 m. A slight minimum present at roughly 1000 m 
for stations in the Bay of Campeche indicates the presence of the AAIW. S increases 
slightly with depth below the AAIW, as is evident in the S-6  plot discussed above.
Higher in the water column, the surface maximum associated with the GW and the 
STUW is evident. As illustrated in the crossplot, this surface maximum occurs lower in 
the water column for Yucatan Stations than it does for those stations in the Bay of
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Campeche. Between the surface maximum and the AAIW, a strong salinity gradient 
exists, but no substantial evidence for defined circulation can be interpreted from these 
salinity data.
3.5.2 Barium Distribution
As noted above, the vertical distribution of Ba in the southern Gulf of Mexico is 
characterized by surface enrichment and a gradual increase to a largely constant Ba 
concentration below sill depth (62 to 64 nmol/kg). These features are clearly illustrated in 
Plate 3. A well developed minimum in Ba concentration occurs throughout the southern 
Gulf in the depth range of 200 to 300 m. The values of 41 to 43 nmol/kg are close to the 
Atlantic surface water (Chan et al., 1977). Western Gulf surface water above this 
minimum has elevated Ba concentrations, while surface water at the Yucatan Inflow is 
only slightly enriched. Below 1000 m, the Gulf basin is nearly homogeneous with 
respect to Ba concentration. The distribution of Ba in the southern Gulf of Mexico, 
therefore, indicates that local surface input processes are important factors affecting the Ba 
budget in this particular marginal sea.
3.5.2.a Surface Signal
A series of property - property crossplots have been constructed in an effort to 
determine the origin of the Ba enrichment in the surface layer (Figures 3-10 and 3-11). 
The Ba-S plot (Figure 3-10) presents a complicated picture owing to the non-uniqueness 
of both Ba and salinity values within a given hydrographic profile. Within the Ba-0 plot 
(Figure 3-11), however, data resolve into two trends separated at the 6 value of 19 °C.
19 °C represents a water depth of 100 m at most stations and separates the water column 
into a surface box and a  deep box. The surface box appears to be complicated by the 
surflcial processes within the Gulf, and the deep box appears to be dominated by 
circulation. By separating the Ba-S plot into two plots, one for samples with 0 values 
above 19 °C and another for those samples with 6 values below 19 °C, some meaningful 
interpretations can be made.
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Figure 3 -1 0 : C o m p o s ite  p lot o f  B a co n cen tra tio n  v s . S a lin ity  for all s ta tio n s. 
S y m b o ls  are d e fin ed  in F igure 3 -4 .
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F igure 3 -11: C o m p o site  p lot o f  B a  concentration  vs. P oten tia l Tem perature for  
all sta tio n s. S y m b o ls  are d efin ed  in F igure 3 -4 .
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For samples with d values above 19 °C, the Ba-S plot reveal three separate trends 
which suggest mixing of surface seawater (-42  nmol/kg) with components of varying 
compositions (Figure 3-12). The first trend indicates the presence of a high Ba - low 
salinity component in the surface waters of Stations 57 and 58. This component is 
characterized by an approximate Ba concentration of 65 nmol/kg and a  salinity lower than 
34 ppt The second trend delineates the existence of a high Ba - high salinity component 
in the surface waters. This component is characterized by an approximate Ba 
concentration of 65 nmol/kg and a salinity of nearly 36 ppL Data from Station 8 , on the 
northwestern slope of the Yucatan Platform, fall on this trend. The surface component 
defined by this trend line gradually erodes with distance from the platform but is still 
apparently affecting the surface waters of Stations 1 and 3 in the south-central Gulf. The 
final trend reveals a low Ba - low salinity surface water component This component is 
characterized by a Ba concentration of roughly 48 nmol/kg and a  salinity of just over 34 
ppt; and it occurs in surface waters at the Yucatan Inflow and for some Platform Stations.
The spatial significance of these three surface components is illustrated in Figures 
3-13 and 3-14, where salinity and Ba for the surface waters are contoured. In Figure 3- 
13, a local salinity minimum occurs in surface waters in the Bay of Campeche. Towards 
the open Gulf, salinity increases to open Gulf values. This salinity distribution is 
consistent with fresh water input to the surface Gulf from a number o f rivers along the 
Mexican coast between the Rio Grande and the Rio Grijalva (Figure 3-13). Two localized 
Ba highs, one in the Bay of Campeche and one off the northwestern edge of the Yucatan 
Platform and a localized Ba low in the Yucatan Straits, characterize the surface Ba 
distribution (Figure 3-14). The presence of a  local Ba high together with a salinity low in 
the Bay of Campeche is consistent with fluvial input Thus, the high Ba - low salinity 
trend from Figure 3-12 indicates that a river component is part of the surface Ba 
enrichment in the Gulf of Mexico. The other two trends are not as easily explained.
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Figure 3-13: Near surface salinity distribution in the southern G u lf o f  M exico. Posted values correspond to 
sam ples having depths o f  5 m. The contour interval is 1 ppt. T he R io Grande and Rio Grijalva are labeled.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
96" 92° 88" 84
96° 92° 88° 84°
Figure 3-14: N ear surface distribution o f  d isso lved  Ba in the southern G u lf o f  M exico . Posted values 
correspond to sam ples having depths o f  5 in. T he contour interval is 5 nm ol/kg.
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The localized Ba high surrounding Station 8  occurs at higher salinities and much 
farther away from river discharge in the Bay of Campeche. For this reason, no 
previously documented surface source of Ba in the Gulf can explain this component of the 
surface enrichment. A number of possible sources are examined here. The high 
concentration of dissolved Ba (nearly 65 nmol/kg) in the surface waters of Station 8  is 
equivalent to the concentration of dissolved Ba in the GBW. One possible source for 
elevated dissolved Ba in the surface waters at Station 8 , therefore, could be upwelling of 
these basin waters along the western edge of the Yucatan Platform. Upwelling has been 
documented for portions of the Yucatan Peninsula in proximity to Station 8  (SAIC,
1989). Upwelling as the cause of the surface Ba enrichment, however, is not probable 
for the following reasons. First, the dissolved Ba profile at Station 8  (Figure 3-7) does 
not indicate an occurrence of upwelling. Elevated surface Ba concentrations decrease to a 
minimum at roughly 250 m and then increase to the maximum in the GBW. The general 
features of this profile are the same as those for Station 3 in the central Gulf, and, 
therefore, are not likely the result of upwelling. Second, upwelled water would have a 
salinity signature that resembles that of the GBW, i.e. S  of about 35.0 ppt Near surface 
salinities at Station 8  all exceed 35.0 ppt (Figure 3-5). Third, the d profile from Station 8  
shows no evidence of cooler, deep basin derived waters in the surface waters (Figure 3- 
6 ). The elevated surface concentration of Ba at Station 8 , therefore, must be derived from 
a source other than river input and upwelled basin water.
It is proposed that the distribution of dissolved Ba at Station 8  and other stations 
near the Yucatan platform indicates a Ba source in the shelf environment Shelf sediments 
of the Gulf have been linked to trace metal input to surface waters in a number of earlier 
studies (for example: Reid, 1984; Moore and Scott, 1986; Krest, 1995). Reid (1984) 
presented Ra distributions for the western Gulf of Mexico. His Ra profiles (226Ra and 
228Ra) bear a striking resemblance to the Ba profiles presented here: an enriched surface 
Ra signal decreases to a minimum at approximately 250 m and subsequently increases to a
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maximum in the GBW (Reid, 1984). Because Ra is radiogenically produced in seafloor 
sediments, Reid (1984) interpreted elevated surface Ra was a  result of interaction between 
Gulf surface water and the sediments of the western shelf. The close similarities between 
the distributions of Ra and Ba suggest the shelf is a source for Ba in the Gulf of Mexico, 
but unlike Ra, Ba is not radiogenically produced in shelf sediments.
Fu e t al. (1994) and Fu and Aharon (1997) described barite chimneys found along 
the Texas-Louisiana Slope that occur as a result of venting basinal fluids. The 
distribution o f these Ba-rich seeps is tied to local tectonic activity where fluid migration 
occurs along fault networks that result from sediment loading and subsequent salt 
withdrawal. No such seeps have been documented on the shelf, where Ba-rich waters 
may be introduced to the surface Gulf. And, thus far, no such seeps have been found in 
proximity to surface waters along the Yucatan Platform. Seep sources, therefore, most 
likely are not responsible for the elevated surface Ba signature at Station 8 .
A possible source for Ba-rich surface waters is fluid circulation through the 
carbonate platforms. Pauli et al. (1984 and 1991) documented the presence of 
chemosynthetic biological communities, similar to those found in proximity to the seep 
sites of the Texas-Louisiana Slope, thriving in association with fluid discharge along the 
escarpment of the Florida Platform. These discharging fluids are chemically different 
from seawater and have been interpreted to be Mesozoic brines that have circulated 
through the carbonate platform (Pauli et al., 1991). A number of studies document 
groundwater flow and discharge in the coastal environment of the Y ucatan carbonate 
platform (Back, et al., 1986; Stoessell et al., 1989; Stoessell, 1991; Moore et al., 1992; 
Stoessell et al., 1993). In the aquifers of the Yucatan carbonate platform, a steep salinity 
gradient has been observed indicating the presence of fresh water overlying saline water 
(Stoessell, 1993). The saline water below the halocline is anoxic and rich in H jS. 
Strontium and calcium concentrations for these mixed waters exceed those expected for 
conservative mixing of fresh water and seawater (Stoessell, 1993), and this suggests that
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groundwater may transport chemical elements from the platform carbonates to the coastal 
surface water of the Yucatan.
In an effort to evaluate Yucatan groundwater as a  source of Ba to the surface Gulf 
water, dissolved Ba was determined for goundwater samples from three cenotes along the 
eastern Yucatan coast. Ba concentrations for groundwaters above and below the halocline 
covering the salinity range from 2 to 77 per cent seawater salinity are given in Table 3-3. 
Dissolved Ba concentrations for these groundwater samples all exceed those of surface 
water in the Gulf of Mexico. Samples from the fresh water component of the aquifer had 
Ba concentrations ranging from 97 to 169 nmol/kg. The surface salinities of Stations 21, 
22 and 23, east of the Yucatan coast, indicate addition of 3 per cent fresh water. By mass 
balance, if the groundwater contains 100 nmol/kg Ba, mixing of seawater with 5 percent 
groundwater would elevate the dissolved Ba o f the surface water from 42 nmol/kg to the 
observed 45 to 46 nmol/kg. Thus, the discharge of fresh goundwater could explain the 
relatively small increase of Ba in the surface water near the carbonate platform.
Saline groundwaters with 41 to 77 per cent seawater salinity have Ba 
concentration ranging from 225 to 283 nmol/kg (Table 3-3). Such elevated Ba 
concentrations occur coincident with increased H2S, indicating that sulfate reduction is a 
probable mechanism for producing elevated Ba concentrations. Discharge of such saline 
waters in the Yucatan coastal zone could result in elevated Ba concentrations coincident 
with high salinity values. Taking Station 8  as an example, addition of 8  per cent saline 
groundwater with a salinity of 29 ppt (~79 per cent seawater salinity) and Ba 
concentration of 300 nmol/kg would increase the Ba concentration of the surface water to 
63 nmol/kg and decrease the salinity from 36.5 ppt to the observed 35.88 ppt.
These mass balance considerations point to the strong possibility for 
contributions from both the freshwater and saline water portions of the Yucatan aquifer 
system to the Gulf surface water. These respective sources are interpreted here to be
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Table 3-3: Ground water Ba concentrations for cenotes from the eastern 
Yucatan Peninsula. Barium determinations were made at LSU, samples 
and supporting data were donated by Stoessell.
Sample Salinity (%SW) HjS (mmol) Ba (nmol/kg)
Cenote Angelita
YG-1 1.6 below detection 169.099
YG-2 76.6 0.47 255.407
Little Cenote
YG-3 2.5 below dectection 110.544
YG-4 63.8 4.28 282.813
Big Cenote
YG-5 2.4 below detection 97.369
YG - 6  41.0 1.63 225.561
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responsible for the low Ba - low salinity and high Ba - high salinity components of the 
Gulf surface water Ba enrichment found in Figure 3-12.
3.5.2.b Bottom Waters
GEOSECS Station 33, located in the western Atlantic (21°N 54°W), is close to the 
deep passages from the Atlantic Ocean to the Caribbean Sea. This station provides an 
opportunity to compare the water properties in the Gulf of Mexico and the Atlantic and, 
thus, to evaluate the source of water in the Gulf basin (Chan et al., 1977). The 9-S 
relationships of GEOSECS Station 33 and Gulf stations (below 19 °C) from the Yucatan 
Inflow (Stations 21,22, and 23) are shown in Figure 3-15. The S-Ba relationship for the 
same stations under the same conditions are shown in Figure 3-16. These figures 
illustrate the similarities between water properties of both basins. Both the 6-S and 
the Ba-S relationships for stations near the Yucatan Sill (Stations 21,22, and 23) are 
nearly identical to those of GEOSECS Station 33, especially at 6 less than 5 °C. Such 
strong similarity indicates the relatively small impact of mixing within the Caribbean basin 
on the character of the mid-depth waters of the Atlantic Ocean. At Station 22, AAIW and 
the UNADW can be identified at the salinity minimum and maximum respectively. These 
water masses have Ba concentrations of 59 and 54 nmol/kg respectively. Dissolved Ba in 
the GBW, indicated by a circle in Figure 3-17, is relatively unchanged from the Yucatan 
Inflow to the western Gulf of Mexico. The Ba concentrations of the deep waters (62 to 
64 nmol/kg), however, are slightly elevated with respect to the inflowing UNADW/CMW 
at the sill depth (54 nmol/kg). This may be due to the downward mixing of AAIW (59 
nmol/kg) as evidenced by the relative absence of the AAIW in the Gulf Ba profiles. 
Downward mixing of AAIW, however, cannot account for all of the increase. Biological 
regeneration within the Gulf may also contribute to the Ba increase in the deep water. A 
bottom source is not evident given the homogenous Ba concentration in the deep water 
below 1500 m, but this may be due to the relatively short residence time of the deep water 
(see later section). In any case the modification of the Ba content is at most a few
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Po
te
nt
ia
l 
Te
m
pe
ra
tu
re
 
(C
)
79
Salinity (ppt)
34  35  36  37
20
a  GEOSECS 3 3 '  
•  Station 21 
■ Station 22 
a  Station 23
F igu re 3 -15: P oten tia l T em perature - S a lin ity  pairs for G E O S E C S  33  and G u lf  
S tation s 2 1. 2 2 , and 2 3  for sa m p les  b e lo w  19 °C . F igure d em o n stra tes  
sim ilarity  b e tw e en  Yucatan In flo w  w aters and in term ed iate  w aters from  
the o p en  A tla n tic  O cea n . G E O S E C S  d ata  are from  C han e t  a l.. 1977.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Sa
lin
ity
 
(p
pt
)
80
3 8
3 7
3 6
3 5
3 4
3 0  40  50 60  70 80
Ba (nmol/kg)
Figure 3-16: S-Ba o f GEOSECS Station 33 and G u lf Stations 21, 22. and 23
for sam ples below 19 °C. Figure demonstrates similarity between Yucatan 
Inflow waters and intermediate waters from the open Atlantic Ocean. 
G EO SECS data are from Chan et al., 1977.
- i — ■— i— r I l »  I "  - I  I » I  I I I 1 1 1
♦  ♦
♦
+  ♦  
▲
+♦ %
* ■ » » » ■ » « - -I  » i « « -  I
♦  GEOSECS 33
•  Station 21 
+  Station 22 
A  Station 23
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
81
40
Ba (nmol/kg)
50 60 70
4>U
3•*—
C3U,<ufiu
3cu
H
e<u
oCh
10
8
6
4
2
Figure 3-17: Com posite plot o f  Ba concentration and Potential Temperature 
for sam ples below 10 °C. Sym bols are defined in Figure 3-4. Note 
relative homogeneity o f  G ulf Basin Waters (indicated by a circle) 
with respect to Ba content.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
82
nmol/kg reflecting that the deep Gulf Basin is rapidly flushed by Atlantic intermediate 
waters.
The residence time of deep water in the Gulf basin and the Ba residence time 
within the deep water of the Gulf can be estimated. Since the primary outflow for deep 
water from the Gulf of Mexico is toward the Yucatan Basin, a  rough estimate for the 
volume of the deep Gulf combined with a flux for the outflow allows an estimate of the 
residence time for deep water in the Gulf of Mexico. Hansen and Molinari (1979) gave a 
value of 1.7 Sv (1 Sv = 106 m3 s'1) for the flux of deep southerly flow through the 
Yucatan Strait. The approximate volume of the deep Gulf basin below 1000 m is 5 x 101S 
m3 (Shiller, in press). If this volume is divided by a 1.7 Sv flux, a residence time of 93 
years is obtained for the deep water. The Ba residence time can be determined using 
values for dissolved Ba concentration in the GBW and at the Yucatan Inflow. In the 
calculation an average deepwater concentration of 63 nmol/kg is used to calculate the Ba 
inventory in the deep Gulf Basin. The Ba concentration at sill depth for Station 22 (54 
nmol/kg), located in the Yucatan Basin proximal to the inflow, is used to estimate the Ba 
input flux. Using these values, a Ba residence time of 109 years for the deep waters of 
the Gulf is obtained. The residence of deep water in the Gulf is similar to that in the 
western Atlantic (about 100 years, according to Broecker, 1979). Constrained by such 
short water residence time, the chemical effects on the distribution of Ba in the deep water 
are insignificant, consequently circulation becomes the dominant control on the Ba 
distribution in the deep Gulf of Mexico basin.
3.6 C onclusions -
This study has established the modem spatial distribution of Ba in the southern 
Gulf of Mexico extending from the Yucatan Strait to the western basin. The surface water 
is enriched in Ba with respect to Atlantic surface seawater. This surface enrichment is 
attributed to fluvial input and to Ba-rich fresh and saline groundwaters from the Yucatan 
platform. Below the surface layer the water properties are similar to the corresponding
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water masses in the adjacent western Atlantic, reflecting the Atlantic source water that 
enters the Gulf from the Caribbean through the Yucatan Straits. The deep water below 
1500 m is relatively homogeneous with respect to Ba. The Ba content is only slightly 
higher than the inflow water indicating an insignificant source of Ba within the Gulf.
This is consistent with the short residence of the water and its dissolved Ba in the deep 
Gulf basin. The Gulf basin is rapidly flushed by Atlantic intermediate water, and Gulf 
basin water reflects its properties. This implies that Ba incorporated in foraminiferal 
shells from the Gulf of Mexico may be a viable indicator of past oceanographic conditions 
for the mid-depth Atlantic.
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Chapter 4
Variation o f Ba/Ca in Planktonic Foraminifera: Changes in 
Surface Water Input to the Gulf of Mexico
4.1 Introduction
Planktonic foraminifera preserved in deep-sea sediments constitute important 
records of surface water conditions for the world oceans. Their differential sensitivities to 
salinity, temperature, and nutrient concentrations result in partitioning of species 
assemblages across the latitudinal gradient from equatorial to polar conditions (Tolderlund 
and Be, 1971; Hembleden et al., 1989). The response of foraminifera to changes in the 
environment becomes useful in understanding temporal climatic fluctuations. For 
example, the presence and absence of the warm water species Globorotaliamenardii led 
Ericson and Wollin (1968) to develop a Pleistocene biostratigraphic zonation for 
planktonic foraminifera that subdivides the epoch into 10 zones. In addition, 
documentation of the geographic distribution of planktonic foraminifera in the context of 
variations in salinity and temperature has been carried out (for example: Snyder, 1978; 
Brunner, 1979). Brunner (1979) used multivariate analysis of planktonic foraminiferal 
abundances to define the spatial distributions of tropical and temperate assemblages of 
planktonic foraminifera in the Gulf of Mexico. Such a technique is a  powerful means for 
interpreting climatic variation from planktonic foraminiferal abundance data.
Carbonate tests secreted by foraminifera contain geochemical records of ambient 
seawater, thereby further magnifying the important role these organisms play in 
paleoceanographic studies. A wide range of geochemical studies focusing on oxygen 
isotopic compositions of foraminiferal shells has advanced our understanding of the 
paleoecological conditions of the global surface ocean (Emiliani et al., 1975; Shackleton 
and Opdyke, 1976; Van Donk, 1976; Shackleton and Boersma, 1979; Shackleton and 
Hall, 1983; among many others). More recently, trace elements incorporated in the
84
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carbonate lattice of foraminiferal tests have been used as proxies for the chemistry and 
circulation of past oceans (for example: Boyle, 1981; Lea and Boyle, 1990a). Most of 
these trace element studies to date, however, have utilized benthic foraminifera to 
reconstruct bottom water chemistry while the planktonic trace metal data are sparse. In 
the only previous study of Ba/Ca ratios in planktonic foraminifera, there was indication 
that Ba concentration in the surface ocean at the Bermuda Rise was higher 12 to 14 kyr 
ago (Lea and Boyle, 1991). It was suggested that increased Ba concentrations occurred 
as a result of glacial meltwater discharge to the surface Atlantic Ocean.
Documentation of meltwater episodes is important for the interpretation of climate
change. Because the Gulf of Mexico received meltwater via the Mississippi River, it is an
excellent location for directly studying the effects of glacial meltwater. The inflow of
meltwater derived from the Laurentide Ice Sheet was recorded by the oxygen isotope
composition of planktonic foraminifera (Kennett and Shackleton, 1975; Emiliani et al.,
1975; Leventeretal., 1982; Spero and Williams, 1990). Oxygen isotope compositions
18are complicated, however, by the dependence of the 6  O of foraminiferal carbonate on 
both temperature and the oxygen isotopic composition of the water. Because Ba/Ca ratios 
in continental water and in surface seawater are distinct, this study is an attempt to gather 
independent evidence of meltwater events in the Gulf of Mexico through the use of Ba 
(see Chapter 2). This work therefore strives to test the link between deglacial meltwater 
discharge and the surface ocean Ba concentration proposed by Lea and Boyle (1991), and 
it provides the first look at the variation in the surface chemistry of Ba in the Gulf of 
Mexico since the last glacial period.
4.2 Sampling and Methods
4.2.1 Core Selection and Sample Preparation
Numerous sediment cores were collected at hydrographic stations during the 
Micro I cruise (Chapter 3). The cores were obtained by lowering heavily weighted PVC 
tubes into the seafloor. Sediments for this study were subsampled from eight
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sediment cores chosen to represent different sedimentary environments, i.e. carbonate 
platform, abyssal plain, and elastics deposited on the slope. The core locations are given 
in Table 4-1 and are displayed in Figure 4-1. Each of the sediment cores was sampled at 
10 cm intervals, with a sample thickness of 1 cm (Figure 4-2). Samples were stored in 
sealed plastic bags and brought back to LSU for preparation. Planktonic foraminifera 
utilized in this study are in shown in Plate 4.
Lea (1990) found that foraminiferal Ba/Ca ratios could be contaminated by 
detergents used to disaggregate the core material. To avoid such contamination, the 
following approach was adopted. Sediment samples were dried overnight at 50 °C and 
washed with tap water over 63 pan sieves. Residues were oven-dried over night. Bulk 
dry residue was separated using sieve sizes of 250 pim and 125 pan; foraminifera from 
primarily the > 250 pim size fraction were picked for this study. Picking followed the 
standard method; residue was poured onto a gridded picking tray, and individuals were 
selected under the microscope using a  wetted 0 0 0  sable artists brush.
To place the cores within a strati graphic framework, the boundary between 
Ericson’s biostratigraphic zones Y and Z, interpreted to be the boundary separating the 
Pleistocene from the Holocene, was identified for each core (Ericson and Wollin, 1968). 
Individual members of the Globorotalia menardii complex were counted, including G. 
menardii, G. tumida, and G. flexuosa  (after Kennett and Huddlestun, 1972) (Plate 4), in 
roughly 1 mg of residue (> 250 pim fraction). As the purpose was to determine which 
cores represented suitable records of the latest glacial to interglacial transition, counting 
ceased when a number of intervals were void of the G. menardii complex. The raw 
counts as well as the values normalized to 0. lg  are listed in Table 4-2.
Two cores were selected for stable isotopic analysis based on location and extent 
in time, as discussed further below. Core material from Station 2 was retrieved from 
abyssal depths (water depth 3640 m) in the southern portion of the open Gulf; Station 8  
occurs on the slope of the northwestern Yucatan Platform (water depth 2598 m)
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Table 4-1: Sediment Core Locations
Sediment Core Latitude (N) Longitude (W) Water Depth (m)
MIC 1001 21° 13' 94° 56' 3220
MIC 1002 22° 30' 94° 00' 3640
MIC 1003 23° 30' 93° 00' 3710
MIC 1004 23° 30' 91° 30' 3640
MIC 1005 23° 28' 90° 00' 692
MIC 1006 23° 33' 90° 00' 1232
MIC 1007 23° 34' 90° 00' 1370
MIC 1008 23° 38’ 90° 00’ 2598
MIC 1009 24° 53' 87° 53' 2300
MIC 1010 24° 36' 87° 54' 1400
MIC 1013A 24° 21' 87° 30' 992
MIC 1015 23° 31’ 8 6 ° 31' 1735
MIC 1016 23° 19' 8 6 ° 38' 903
MIC 1020 21° 49' 8 6 ° 08' 1342
MIC 1021 21° 40' 85° 55' 1960
MIC 1022 20° 27’ 8 6 ° 0 0 ' 2440
MIC 1023 20° 35' 8 6 ° 2 1 ' 1235
MIC 1055 21° 44' 93° 15' 3200
MIC 1056 21° 25' 93° 21' 2870
MIC 1057 2 0 ° 1 1 ' 94° 02' 1316
MIC 1058 20° 27’ 95° 15' 2870
MIC 1059 20° 45’ 96° 22' 1490
MIC 1060 20° 51’ 96° 35’ 985
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Figure 4-2 Photographs depicting the core material prior to sampling (top) and after 
samples have been removed at 1 0  cm intervals (bottom).
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PLATE 4
Figures
1 Globigerinoides sacculifer
2 G. trilobus
3, 4  Globorotalia menardii
5, 6  G. tumida
1 Orbulina universa
All scale bars represent 100 ptm.
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Table 4-2: Globorotalia menardii counts for sediment cores.
Depth (cm) Weight (mg)/100 No. of G. menardii G. menardii 10.1 g
Station 2 (240 cm)
0 1.17 186 159
1 0 1.15 243 2 1 1
2 0 1.25 255 204
30 1.33 167 126
40 1.28 8 8 69
50 1.52 83 55
60 1.29 1 2 9
70 1.07 0 0
80 1.37 0 0
90 0.84 0 0
1 0 0 1.35
1 1 0 1.57
1 2 0 1 . 1 0
130 1.05
140 0.75
>n 4
0 1.13 2 2 0 195
1 0 1 . 2 0 203 169
2 0 1.07 6 8 64
30 1.24 36 29
40
50
60 1.15 3 3
70 1 .2 1 1 1
Station 8 
0 1.59 181 114
1 0 ... .1.82 260 143
2 0 1 . 2 0 133 1 1 1
30 1.47 65 44
40 1.05 3 3
50 1.14 3 3
60 1.70 0 0
70 1.94 1 0 5
80 1.18 5 4
90 1.16 6 5
(table continued)
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Table 4-2 cont.: G. menardii counts
Depth (cm) Weight (mg)/100 No. of G. menardii G. menardii /0.1 g
Station 8, cont.
1 0 0 1 . 2 0 1 1
1 1 0 1.17 1 1
Station 9
0 1.40 154 1 1 0
1 0 1 . 6 6 250 151
2 0 1.34 232 173
30 1.56 206 132
40 1.53 151 99
50 1.75 83 47
Station 16 (180 cm)
0 1.51 146 97
1 0 1.07 1 2 2 114
2 0 1.57 159 1 0 1
30 1.31 43 33
40 1 . 0 2 32 31
50 1.51 16 1 1
60 1.04 6 6
70 1.56 2 1
80 1.27 2 2
90 1.56 1 1
1 0 0 1 . 0 2 3 3
1 1 0 2.16 1 0
1 2 0 1.03 3 3
Station 20
0 1.13 198 175
1 0 1.23 127 103
2 0 1.08 167 155
30 1.23 107 87
40 1 . 6 6 218 131
50 1 . 2 0 342 285
60 1.38 293 2 1 2
70 1.14 140 123
80 1 . 1 0 133 1 2 1
90 1 . 2 2 137 1 1 2
1 0 0 1.23 108 8 8
(table continued)
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Table 4-2 cont: G. menardii counts
Depth (cm) Weight (mg)/100 No. of G. menardii G. menardii /0.1 g
Station 22 (270 cm)
0 0.98 49 50
1 0 1.32 108 82
2 0 1.46 4 3
30 1.78 31 17
40 1.37 28 2 0
50 1.24 0 0
60 1.78 3 2
70 1 . 8 8 7 4
80 1.59 37 23
90 1.64 128 78
1 0 0 1.76 248 141
1 1 0 1.63 9 6
1 2 0 1 . 0 2 85 83
130 1.24 317 256
140 1.08 224 207
150 1.50 14 9
160 1.26 16 13
170 1.25 8 6
180 1.44 13 9
190 1.07 106 99
m 58 (270 cm)
0 1 . 1 0 126 115
1 0 1.13 370 327
2 0 1.06 196 185
30 1.26 155 123
40 1.06 173 163
50 1.05 78 74
60 1.06 6 6
70 1.16 1 1
80 1.13 0 0
90 1.42 0 0
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(Figure 4-1). About 5 individuals of the planktonic foraminifer Globigerinoides trilobus 
(Plate 4) were selected for oxygen and carbon isotopic study from a restricted size 
fraction, 300 pim to 355 pim. The restricted size range is necessary to prevent variation in
13
8  C known to occur through the ontogenetic development of individual specimens (Oppo 
and Fairbanks, 1989).
For Ba/Ca determinations roughly 3 mg of individuals (> 250 pim) were picked. 
Due to varying abundances of individual species throughout the cores, it was not possible 
to utilize the same foraminifer from both cores. Globigerinoides sacculifer were picked 
for Station 8 , and Orbulina universa were picked from Station 2 (Plate 4). Both of these 
forms are suitable records of the upper surface waters (Hembleden et al., 1989) and have 
been shown to be useful recorders of Ba/Ca in surface waters (Lea, 1990; Lea and Spero, 
1992; Lea and Spero, 1994).
4.2.1 Stable Isotope Procedures
Prior to isotope analysis, the shell material was thoroughly cleaned to remove 
organic matter and extraneous sediment particles. Organic matter was oxidized through 
reaction with a 3 per cent H2Q2 solution for a period of 2 hours. Subsequently, samples 
were sonicated in AR grade methanol for approximately 30 seconds. Following 
sonication, tests were rinsed 3 times with methanol to remove fine grained carbonates and 
clay material. Clean foraminiferal tests were then dried briefly at 50 °C, and packed in 1/2 
dram bottles for shipping.
Oxygen and carbon isotope analyses were carried out at the stable isotope 
laboratory of Woods Hole Oceanographic Institution. The procedure for stable isotopic 
determinations was as follows (Dorinda Ostermann, personal communication). Sample 
sizes in the 50 to 70 pig weight range were loaded with methanol into individual reaction 
vessels of a Kiel carbonate preparation device and then lightly crushed. The test 
fragments were reacted with 100 per cent phosphoric acid at 70 °C. The C 0 2 was purified 
(water removed) and analyzed in a  Finnigan MAT 252 mass spectrometer against an
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internal reference gas, WHOI3. The NBS19 standard was analyzed as part of each run to 
allow correction back to the PDB standard. Because the Kiel device uses 2 parallel lines 
to maximize output, each line has a different correction. The precision for 15 analyses of 
NBS19 over the run times were 0.03 and 0.09 per mil for 6 t3C and 6 lsO, respectively 
(line a) and 0.01 and 0.04 per mil for 6 13C and 6 lsO, respectively (line b). For both lines 
the PDB 6 UC and 6 lsO values for the standard were 1.95 and -2.20 per mil, respectively.
4.2.3 Cleaning Method for Ba/Ca Determination
Lea (1990) developed an effective cleaning method for the preparation of 
foraminiferal shells for Ba determination. The following procedure is adapted from his 
technique for systematically removing detrital clays, fine-grained carbonates, organic 
matter, Fe and Mn oxyhydroxides, and barite from the foraminiferal tests. A simplified 
step by step summary is presented as a flow chart in Figure 4-3.
About 3 mg of tests were weighed and crushed between two clean glass slides to 
open all chambers. The fragments were transferred to acid leached 0.5 ml polyethylene 
micro centrifuge tubes. To remove clay particles, water and AR grade methanol were 
added. Sonication for 1 to 2  minutes was performed to agitate the material and suspend 
the clays. The supematent was siphoned using a 1000 jA Eppendorf pipetter. The clay 
removal step was repeated 3 times with water, twice with AR methanol, and one last time 
with water. Removal of residual organic matter was accomplished through treatment with 
a hydrogen peroxide solution (50 ]A of 30 per cent H2 Q2 in 15 ml of 0.1 N NaOH). 
Samples were placed in a hot water bath (80 °C) for a  total of 10 minutes; brief sonication 
was performed after 5 minutes had elapsed. Tubes were then rinsed 3 times with water to 
remove all of the oxidizing reagent Metal oxides were removed by reductive cleaning 
with a mixture of anhydrous hydrazine, citric acid, and ammonium hydroxide. Citric acid 
(5 grams) was dissolved in 100 ml of ammonia in an ice bath. The citric acid ammonium 
hydroxide solution was then diluted 1 to 1 with ammonium hydroxide to a total volume of 
20 ml. In an exhaust hood, 750 ]A of anhydrous hydrazine was added to the mixture in
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Pick Forams
Weak Acid Leach
Cru§h & Weigh Fragments Wash with Water and Methanol to remove Clay Material
Remove Organics with H2O2
Remove Sedimentary Barite Remove Ferro-Manganese Oxides
Dissolve, Spike, and Load onto Columns
Figure 4-3: Process flow chart illustrating steps involved  in preparation o f foram inferal tests for B a/C a determ ination. 
M ethod is adapted from Lea (1990) and is described in the text.
3
98
the final step. The sample tubes were treated with 100 pd o f this reducing reagent and 
placed in a hot water bath for 30 minutes. Every couple of minutes, sonication for about 
5  seconds was carried out to prevent re-precipitation of the metal oxides. A number of 
water rinses (roughly 5) followed the reductive cleaning.
The secondary barite phase was removed from test material through treatment with 
a chelating agent Ten grams of DTPA, diethylenetriamine pentaacetic acid, was 
dissolved in 2.5 N NaOH. The solution was then diluted to a  final concentration of 0.025 
M and added to each tube in aliquots of 250 /d. Again the tubes were placed in the hot 
water bath for 10 to 15 minutes, dependent on sample size. Every 2 minutes tubes were 
briefly sonicated to allow thorough removal of barite material. After the bath and 
sonication treatment, the alkaline DTPA was removed in a series of ammonium hydroxide 
and water rinses.
As a final cleaning step, the test material was rinsed 1 to 3 times with 0.001 N 
HC1. Each rinse was followed by roughly 30 seconds o f sonication. After the acid leach 
the samples were treated one last time with a  series of water rinses. At this stage the 
fragments of foraminifera tests were considered clean and were transferred to fresh, acid 
leached 0.5 ml tubes. Test material was dissolved in 100 to 200 /d of 3N HC1, and 
spiked with 250 /d of a dilute I35Ba spike solution, made from a stock solution discussed 
in preceding chapters.
4.2.4 Ba/Ca Determinations
Despite careful handling, part of the shell material was lost in the cleaning steps 
through siphoning and dissolution during the rigorous treatments. Ba is normalized, 
therefore, to the amount of Ca present in the sample and is reported as the Ba/Ca ratio.
Lea (1990) determined Ba by isotope dilution using an inductively coupled plasma 
mass spectrometer without chemical separation. In this work Ba was determined by 
isotope dilution on a thermal ionization mass spectrometer. Prior to isotope analyses, Ca 
and Ba were separated from the sample solution by ion exchange chromatography using
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AG50Wx8 (BioRad) resin packed in quartz columns. The Ca fractions were diluted and 
assayed using a Perkin Elmer3300 Atomic Absorption. The recovery efficiency for 
calcium using this method was determined experimentally to be 99 per cent.
The Ba fractions eluted from the ion exchange columns were taken to dryness, 
redissolved in 5 fA o f 1M HNO3 , and finally loaded onto pre-baked single Ta filaments. 
Ba contents were determined through isotope dilution using a 90° sector thermal ionization 
mass spectrometer (Finnigan MAT 262). Data in three blocks of 10 scans were obtained 
through simultaneous collection using multiple Faraday cups yielding an in-run precision 
(2 a J  of better than 1.0 per cent The blank from the entire procedure was determined to 
be 0.10 ng (Table 4-3).
Multiple analyses of Orbulinauniversa from the coretop at Station 3 were 
performed to determine the reproducibility of Ba/Ca determinations and to assess the 
success of the cleaning procedures. Six separate samples were prepared: three having 6  
mg and three having 3 mg each (Table 4-4). Ba/Ca averaged 0.584 /unol/mol for the six 
samples, with a standard deviation of 0.085 or roughly 14.5 per cent of the mean. Ba/Ca 
in Orbulina universa recovered from Holocene sediments in the subtropical and equatorial 
Atlantic was found to be 0.75 ± 0.16 (Lea and Boyle, 1991). Fifteen determinations for 
core top material from a Northern Hemisphere Mid Atlantic station (EN120GGC1) 
averaged 0.66 /^mol/mol with a standard deviation of 0.24 (Lea, 1990; Lea and Boyle, 
1991). The foraminiferal data presented here agree with Lea’s data for Atlantic stations 
within analytical uncertainty and demonstrate the functionality of the cleaning and 
analytical procedures employed in this study and in subsequent chapters.
4.3 Results
4.3.1 EricsonY/Z Boundary
The abundance data of Gbborotaliamenardii for the eight cores are given in Table 
4-2 and are plotted versus depth in Figure 4-4. Two of the cores (Stations 4  and 9) are 
barren of foraminifera throughout the majority of the cores. Possibly, these cores have
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Table 4-3: Blank determinations.
Sample [Ba] (ng)
B-l 0.140
B-2 0.140
B-3 0.166
B-7 0.048
B- 8 0.075
B-9 0.052
B-10 ** 0.383
B -ll 0.063
B-12 0.094
Average blank value: 0.10 ng (n=8 ), sd = 0.05 
** Discarded
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Table 4-4: Reproducibility of planktonic cleaning and Ba/Ca
__________ determination procedures.____________________
______________Sample Ba/Ca (/*mol/mol)_____________
Ou- 1 0.62164
Ou-2 0.55128
Ou-3 0.71235
Ou-4 0.47722
Ou-5 0.62417
Ou- 6 0.51999
Average value: 0.58 ^ mol/mol, sd = 0.09
* Orbulina universa specimens were analyzed as discussed in the text.
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sampled turbidity currents that removed the foraminifera. As a result these cores have 
incomplete records of the Y -Z transition. Cores 5 8 ,2 ,4 ,8 , and 16 all have abundance 
peaks that steadily increase from zero values lower in the cores to higher values at the core 
tops (Figure 4~4a and b). The Pleistocene to Holocene transition, i.e. the Y/Z boundary, 
therefore, is placed at those intervals corresponding to the first consistent appearance of 
G. menardii. Core material from Stations 20 and 22 display erratic G. menardii 
distribution (Figure 4-4c) making assignment of the Y/Z boundary difficult A possible 
boundary appears evident at the 50 cm interval for Station 22. However, numerous 
pterapod fragments, for both Stations 20 and 22, distort the concentration of foraminifera 
in the sample and make this rough estimate of the Y/Z boundary tentative.
Through combining Ericson’s zonal biostratigraphic framework with 
magnetostratigraphy and istope stratigraphy, several studies have assigned an age of 
roughly 11,000 years to the Y/Z boundary (Broecker and Ku, 1969; Van Donk, 1976; 
Shackleton and Opdyke, 1976). This boundary between two biostratigraphic zones has 
been found to be diachronous, however. According to Berger (1982), the Y/Z boundary 
in the Gulf of Mexico occurs later (younger) than it does in the equatorial Atlantic.
Indeed, Broecker et al. (1990) give an age of 10,100 years to the Y/Z boundary in the 
Gulf of Mexico. Y/Z boundaries for the cores in this study, therefore, are used with 
caution. They are primarily used as a means of screening for potentially beneficial cores 
for analysis. Also, they provide a loose chronostratigraphic framework for the variations 
in isotopic compositions and Ba/Ca ratios discussed in greater detail in the ensuing text.
Of the cores subsampled for use in this study, cores from Station 2 and Station 8  
have identifiable Y/Z boundaries; have abundant planktonic foraminifera throughout; and 
occur in good locations for capturing surface water variations of the open Gulf of Mexico. 
These two cores were chosen for Ba study.
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4.3.2 Stable Isotope Data
Oxygen and carbon isotopic compositions for Globigerinoides trilobus from
Station 2 and Station 8  provide further chronostratigraphic control. Data listed in Table 4-
5 were acquired from very small sample sizes (on average 3 foraminifera) and as a result
demonstrate considerable variation in some cases for replicate samples. These planktonic
foraminifera may represent a  vertical range of water depths (Hembleden et al., 1988).
Variables such as the depth at which the foraminifera secrete their test contribute to the
variation in the isotopic compositions determined on small samples (Spero and Williams,
1990). The downcore data nevertheless provide a  chronostratigraphic framework for
understanding the trace metal signals.
In the Pleistocene, oxygen isotopic compositions (8 lsO per mil relative to PDB)
for Stations 2 and 8  have maximum values of 0.025 and 0.630 per mil (Figure 4-5).
These compositions are relatively enriched in lsO compared to the Recent which has 5lsO
values of-1.172 and -0.725 per mil for the respective cores. The relative maximum,
0.630 per mil for the 100 cm interval of core from Station 8  represents an enrichment of 
181.355 per mil in 8  O relative to core top values. Comparable enrichments have been
associated with glacial conditions of the Late Pleistocene (Leventer et al., 1982; Flower
and Kennett, 1990) during which time the buildup of large continental ice sheets resulted
in a  surface water enrichment in the heavier lsO isotope. Comparison of the A8 lsO for
this data set with the Barbados sea level curve of Fairbanks (1989) suggests an age of
roughly 18 kyr for the 100 cm interval of core at Station 8 . Thus, the boundary between
glacial conditions of isotope stage 2  and the interglacial conditions of isotopic stage 1 is
interpreted for Station 8 , and the boundary is correlated to Station 2 (Figure 4-5).
Superimposed on the characteristic isotopic trend lies a  shift to lighter oxygen
18istopic compositions in both cores. 8  O values reach a minimum of -2.0 per mil at 80 cm
at Station 2 and -1.3 per mil at 50 cm at Station 8 . These values represent maximum
18shifts o f -1.6 a n d -0.9 per mil, respectively. The 8  O minimum in both cores
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Table 4-5: Carbon and oxygen isotopic compositons lor Globigerinoides trilobus l'rom Stations 2 and 8 .
Depth (cm) 6 I3C 
(per mil PDB)
Avg. 
n (s.d.)
6 ,80  
(per mil PDB)
Avg. 
n (s.d.)
Station 2
0 2.164 -1.172
1 0 1.592 -1.416
2 0 2 . 0 0 1 -1.524
30 1.482 1.709 -1.128 -1.250
30 1.937 2 (0.322) -1.371 2(0.172)
40 1.766 -1.009
50 1.904 -1.143
60 1.723 -0.790
70 1.157 1.336 -1.640 -1.741
70 1.588 3 (0.217) -1.952 3(0.183)
70 1.324 -1.631
80 1.354 1.297 -2.335 -1.975
80 1.166 3(0.114) -1.516 3 (0.418)
80 1.372 -2.074
1 0 0 1.529 -0.352
1 1 0 1.657 -0.660
1 2 0 1.526 0 . 0 2 0
130 1.675 0.025
(table continued)
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Table 4-5 cont.: Carbon and oxygen isotopic compositons lor Globigerinoides trilobiis from Stations 2 and 8 .
Depth (cm) 6 13C 
(per mil PDB)
Avg. 
n (s.d.)
6 180  
(per mil PDB)
Avg. 
n (s.d.)
Station 8
0 1.841 -0.725
1 0 1.301 -1.180
2 0 1.537 -0.540
30 1.609 1.653 -0.816 -0.819
30 1.696 2  (0.062) -0.822 2 (0.004)
40 1.820 -0.433
50 1.632 1.392 -1.500 -1.329
50 1.151 2 (0.340) -1.158 2 (0.242)
60 1.375 -0.835
70 1.839 -0.347
80 1.368 -0.016
90 1.767 0.297
1 0 0 1.613 0.630
1 1 0 1.415 0.096
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Figure 4-5: Oxygen isotopic compositions determined from Globigerinoides trilobus 
plotted against depth. Y-Z boundary and Isotopic Stage 2-1 boundary are 
indicated by solid lines.
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18occurs just before the Y/Z boundary, correlating well with the major 6  O anomaly
observed in cores from the Orca Basin in the northwestern Gulf and from the Bay of
Campeche in the southern Gulf (Kennett and Shackleton, 1975; Emiliani et al, 1975;
Leventer et al., 1982; Flower and Kennett, 1990; Rllon and Williams, 1984; Spero and
18Williams, 1990). The negative anomaly in 5 O near the end of the last glaciation has
been attributed to glacial meltwater events, because meltwater from glacial ice is depleted 
18in O. The smaller magnitude shift present at Station 8  may be due to dilution of the
signal with increasing distance from the Mississippi source waters. The ubiquitous
presence of the oxygen isotope anomaly underscores the extent of the influence of
meltwater discharge throughout the Gulf of Mexico.
The S13C profiles for Stations 2 and 8  are shown in Figure 4-6. A strong negative 
18shift corresponds to the 6  O minimum in each core. Oppo and Fairbanks (1989,1990) 
associate a minimum in the S13C record with the melting of continental ice during 
deglaciation. The SBC minima for the cores in this study are correlative with the 
meltwater pulses interpreted here. These 6 °C  records therefore give further evidence of 
a relation between Late Pleistocene S13C minima and deglaciation. One possible reason 
for the correlation of these signals is the introduction of terrestrially derived organic 
matter, lighter in isotopic composition, to the surface Gulf of Mexico during deglaciation. 
4.3.3 Surface Ba/Ca Variations
Ba/Ca data for planktonic foraminifera from Stations 2 and 8  are presented in 
Table 4-6. Plots of the Ba/Ca records versus core depth are shown next to the oxygen 
isotope records for both cores in Figures 4-7 and 4-8. For both cores boundary locations 
have been identified.
At the Last Glacial Maximum (LGM), where maximum 6 lsO values are recorded, 
and across the boundary of isotope stages 2 and 1, Ba/Ca ratios for Orbulinauniversa 
from Station 2 are about 1.4 ^ mol/mol (Figure 4-7). The Ba/Ca value then rises to a 
maximum of roughly 2.06 /^mol/mol at the 80 cm interval. This Ba/Ca maximum is
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Figure 4-6: Carbon isotopic compostion as determined in Globigerinoides 
sacculifer plotted against depth. Solid line indicates Y-Z boundary.
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Table 4-6: Planktonic Ba/Ca determinations for Stations 2 and 8
Sample Ba/Ca (/^mol/mol)
Station 2: Orbulina universa
2-CT 0.75417
2 - 1 0 0.70630
2 - 2 0 0.67834
2-30 0.81319
2-40 0.90575
2-50 0.92618
2-60 0.95159
2-70 1.36475
2-80 1.89468
2-80b 2.15798
2-90 1.81299
2 - 1 0 0 1.41939
2 - 1 1 0 1.52202
2 - 1 2 0 1.24712
2-130 1.49912
Station 8: Globogerinoides sacculifer
8 -CT 1.00009
8 - 1 0 0.85606
8 - 1 0 b 1.04421
8 - 2 0 0.98132
8-30 1.10963
8-40 1.39192
8-50 1.59026
8-60 2.58069
S-70 1.39229
8-80 1.30243
8-90 2.94135
8 - 1 0 0 3.85467
8 - 1 1 0 2.80291
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Figure 4-7: Ba/Ca values from Orbulina universa from Station 2 plotted 
and oxygen isotopic composition of Globigerinoides trilobus from 
the same intervals plotted against depth. Elevated Ba/Ca values are 
clearly associated with inflowing glacial meltwater.
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Figure 4-8: Ba/Ca values from Globigerinoides sacculifer from
Station 8  and oxygen isotopic composition of Globigerinoides 
tilobus from the same intervals plotted against depth. Elevated 
Ba/Ca levels during the LGM are nearly four times greater than 
at present.
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coincident with the 6 lsO minimum at the same depth and thus appears to be associated 
with the meltwater event The maximum Ba/Ca value of 2.06 ^ mol/mol constitutes an 
increase of 0.7 ^ mol/mol from baseline values during isotope stage 2 and clearly indicates 
elevated concentration in the surface water at the time of the meltwater input Above the 
meltwater interval, Ba/Ca decreases toward the Recent reaching 0.75 ptmolfmol at the core 
top.
At Station 8 , there is a prominent Ba/Ca peak in Globigerinoides sacculifer, 3.86 
/^mol/mol at 100 cm, that coincides with the 5lsO maximum in stage 2 (Figure 4-8).
Ba/Ca values decrease steeply across the boundary between isotope stages 2 and 1 to a 
value of 1.39 ^ mol/mol in the 70 cm interval. Within the meltwater interval, a maximum 
shift of 1.2 /<moI/mol relative to LGM values is observed at the 60 cm interval where 
Ba/Ca reaches 2.58 /<mol/mol. From the top of the meltwater interval to the Recent, 
Ba/Ca decreases from 1.39 ^ mol/mol in the 40 cm interval to 1.00 //mol/mol at the core 
top. The Ba/Ca records from both of these cores illustrate a number of interesting 
relations that will be further examined below.
4.4 Discussion
4.4.1 The Meltwater Pulse: The Oxygen Data
Following the LGM, rapid wanning and resultant ice sheet melting occurred, with 
a particularly intense period of melting having taken place between approximately 14,000 
and 12,600 years ago (Fairbanks, 1989). During this period significant continental 
runoff was generated from the melting of the Laurentide ice sheet of North America and 
was carried to the Gulf by the Mississippi River. The discharge of low salinity water was
1Rrecorded in the 8  O of planktonic tests from the Gulf of Mexico in the form of negative 
anomalies (Kennett and Shackleton, 1975; Emiliani et al., 1975; Leventer et al., 1982). 
The study of Leventer et al. (1982) provides the most detailed isotope record for the most 
recent melting events, showing shorter pulses within two major episodes of discharge. 
Although the samples in the present study lack the resolution of Leventer's work, a
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general correlation can be made between the isotope signals observed at the southern
stations and those of the Orca Basin.
A comparison between the oxygen isotope record of Station 2 in the southern Gulf
of Mexico and the record of core EN32-PC5 from the Orca Basin in the northwestern
Gulf (Leventer et al., 1983) is shown in Figure 4-9. Assuming that the Y/Z boundary at
1860 cm occurs at 11 kyr and that the maximum 6  O at 120 cm represents maximum glacial
condition at 18 kyr, the sediment accumulation rate is estimated to be 8 . 6  cm/ 1 0 0 0  yr.
This also assumes a constant sediment accumulation rate during this time interval. Then
18by interpolation, the lower 6  O maximum at 110 cm may represent the first meltwater
pulse at about 16 kyr, and the major isotopic anomaly between 70 and 80 cm corresponds
18to the major discharge at 13 kyr (Leventer et al., 1982). Similarly, the two 6  O maxima 
at 80 and 50 cm depths at Station 8  may be correlated to these two meltwater events.
The oxygen isotope anomaly can provide a measure of surface water freshening 
in the southern Gulf. In the following discussion, a number of calculations are performed 
to determine the magnitude of this meltwater component
In their discussion of the seasonal aspects of low salinity water in the Gulf of 
Mexico, Spero and Williams (1990) followed a rigorous approach for determining surface 
water salinity from oxygen isotopic compositions. The discussion here follows elements 
of their process. To arrive at a  value for surface water salinity from planktonic 
foraminifera, an expression relating salinity to oxygen isotope composition is required. 
Spero and Williams (1990) presented the following relation for the surface Gulf at 16 lea: 
6180 „  (SMOW) =.1.21 x S  (ppt) - 42 (1).
This relation is a mixing equation assuming (1) an average salinity of 36.5 ppt for ambient
18 18  seawater with 6  (V  = +2.2 per mil; and (2) that glacial ice has a mean 6  O of -42 per
18
mil. The 6  O values reported here are relative to the PDB standard; thus, this relation 
must be modified to reflect values relative to PDB, as opposed to those relative to
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Figure 4-9: Oxygen isotope record from the southern Gulf compared with core EN 32- 
PC5 from the Orca Basin (after Leventer et al., 1983). The record at Station 2 
is characterized by the large negative shift prior to the Ericson Y-Z boundary 
that has been previously documented.
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the SMOW standard. Spero and Williams (1990) follow Coplen et al. (1983) in adding 
180.26 per mil to 5 (PDB) values for this conversion. Incorporating this relation into 
equation (1 ) above gives:
b18^  (PDB) + 0.26 = 1.21 x S  (ppt) - 42 (2)
which reduces to:
b18^  (PDB) = 1.21 x S (ppt) -42.26 (3).
This equation is used here to estimate the salinity in the surface waters in the Gulf during 
the major meltwater event at approximately 13 kyr.
The b^Qy for the surface Gulf water is determined from bI8Oc measured from 
foraminifera according to the equation given by Epstein et al. (1953):
T (°C) = 0.14 (bc - bw f  - 4.3 (bc - bw) + 16.5 (4)
where bc and bw represent b 18Oc and b^O*, respectively. This equation incorporates the 
effects of isotope fractionation and can be used here if a temperature is assumed. 
Estimates of sea surface temperatures for the Gulf during the late glacial period based on 
faunal transfer functions range between 20 and 26.5 °C (Brunner and Cooley, 1976; 
CLIMAP, 1981; Brunner, 1982). In this study, sea surface temperatures of 20 and 22 °C 
during the meltwater discharge are assumed.
The salinity calculations for Station 2 and 8  are summarized in Table 4-7. The 
oxygen isotopic composition of the surface water is calculated using (4) and the 
foraminiferal blsO value (-1.975 and -1329 per mil for Stations 2 and 8  respectively). 
Solving (4) for b18^  at Station 2 for 20 and 22 °C gives values of -1.182 and -0.745 per 
mil respectively. Next, these meltwater b18Ow values are substituted into (3) to obtain 
salinity. For these bI8 Ow, values, salinities of 33.95 and 34.31 ppt are calculated for the 
surface Gulf at about 13 kyr. Such surface water salinities imply surface water 
freshening of 6  to 7 per cent during the meltwater pulse. From the same method, the 
salinity of the surface waters for Station 8 ,likewise, can be calculated. Under the same
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Table 4-7: Calculation of meltwater contribution from oxygen isotope data
T°C 6 180fc(PDB) 6 1 8 Ow(PDB) Sw(ppt) ffw
Station 2
20 -1.975 - 1.182 33.95 0.07
22 -1.975 - 0.745 34.3 1 0.06
Station 8
20 -1.329 - 0.54 34.48 0.055
22 -1.329 - 0.10 34.84 0.045
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assumptions, i.e. temperatures of 20 and 22 °C, salinity values o f34.48 and 34.84 ppt 
are calculated. These values imply 5 to 6  per cent freshening during the meltwater pulse.
Leventer etal. (1982) calculated slightly larger freshening, 7 to 10 percent, for
core material from the Orca Basin, northern Gulf of Mexico. Spero and Williams (1990)
determined a range of salinities representing surface water dilution of between 6  and 1 2
per cent during the meltwater pulse for the same Orca Basin core. These values are
considered by them to be “conservative” (Spero and Williams, 1990). The Orca Basin is
proximal to the Mississippi River in comparison to the more southerly stations analyzed
here. Given the large distance between both Stations 2 and 8  and the meltwater source
waters of the Mississippi River, a  reduction of the meltwater signal is to be expected. As
a result, the 6  to 7 per cent freshening calculated here for the surface water of the open
southern Gulf of Mexico during the meltwater pulse appears reasonable.
4.4.2 The Meltwater Pulse: The Ba Data
18Corresponding with the 6  O maxima in the meltwater interval, both stations 
exhibit large Ba/Ca peaks that indicate the presence of Ba-rich water in the surface Gulf. 
Given the 6  per cent (low end value) freshening determined above, the Ba contribution 
from the meltwater to the surface water of the southern Gulf can be examined. Because 
Station 2 is situated in the open Gulf and, thus, away from the influence of margin-related 
processes, the data obtained for Station 2 are used in the following discussion.
Ba incorporation in the carbonate lattice of the foraminifera is governed by the 
partition coefficient, D(Ba), such that the following holds:
D(Ba) = (Ba/CaW fBa/Ca)^ (5)
where (Ba/Ca)^ and (Ba/Ca)sw are the elemental ratios in the test material and seawater 
respectively (Lea and Boyle, 1989). Lea and Spero (1992; 1994) found that Orbulim 
universa cultured in waters that had salinities of 33.7 and 36.7 ppt and temperatures of 22 
°C and 29 °C had D(Ba) values of 0.160 and 0.147 respectively. Lea and Boyle (1991) 
determined D(Ba) to be 0.19 ± 0.05 for five species of planktonic foraminifera from the
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North Atlantic, the equatorial Pacific, and the Mediterranean Sea. This value is close to 
the experimentally determined distribution coefficient, within analytical uncertainty.
The D(Ba) for Orbulina universa from this study can be estimated from the core 
top Ba/Ca value of 0.754/rmol/mol for Station 2 and from the surface water Ba/Ca 
derived from nearby hydrographic data. The Ba concentration for surface water from 
hydrographic Station 3 is 57 nmol/kg (Chapter 3). Assuming that the dissolved Ca 
concentration in the surface Gulf has not varied and is 10.3 mmol/kg consistent with open 
ocean values (Chester, 1990), modem surface waters at Station 2 have a Ba/Ca of 5.55 
^mol/mol. This value actually incorporates an elevated signal in comparison to open 
Atlantic values (previous chapter), and, as a result, it probably represents a  high-end 
value. Substitution in (5) above gives a D(Ba) value of 0.136 for O. universa from 
Station 2, agreeing within analytical error with previous experimental determinations 
(Lea, 1990; Lea and Spero, 1992; 1994).
As introduced above, the culture experiments of Lea and Spero (1992,1994) 
show little variation in D(Ba) values for Orbulina universa over the temperature and 
salinity ranges of 22 °C to 29 °C and 33.7 to 36.7 ppt This experimental range compares 
well with the range of conditions the Gulf experienced during the meltwater flux 
(Leventer et al., 1982; Spero and Williams, 1990). In the following, the D(Ba) value of 
0.160 determined for Ba incorporation in O. universa at 22 °C is used to calculate the 
surface Ba concentration caused by mixing of meltwater with Gulf surface waters during 
the meltwater discharge. At Station 2, the maximum Ba/Ca^ value is 2.03 /unol/mol. 
Ba/CasW for surface waters during peak meltwater discharge, from (5) above, was 
therefore 12.7 /*mol/mol. This value is certainly much greater than the 5.55 ^ mol/mol 
calculated above for present Gulf of Mexico surface water. A more appropriate 
comparison, though, is between the 12.7 /^mol/mol calculated for the surface Gulf during 
the meltwater event and the Ba/Ca value for the surface water in the Gulf of Mexico 
during the last glacial. During isotope stage 2, foraminiferal Ba/Ca values were
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approximately 1.4 ^ mol/mol, which give a Ba/CasW value of 8.75 //mol/mol before the 
onset o f meltwater influx. Melting of the Laurentide ice sheets, therefore, caused a 45 per 
cent increase in Ba/Ca values for the surface waters of the Gulf of Mexico, under these 
assumptions.
The Ba concentration of the glacial meltwater responsible for the observed 
increase in planktonic Ba/Ca can be estimated. During conservative mixing of fresh water 
and seawater, Ba concentration in the mixed water is expressed as
[Ba]mw = f [Ba]fW + (1-f) [Ba]^ (6 )
where mw, fw and sw represent the mixed water, freshwater (glacial meltwater) and 
seawater, respectively; and f is the fraction of the freshwater contributed to the system. 
The oxygen isotope record indicates 6  to 7 per cent freshening (0  during peak meltwater 
discharge. The parameters used to estimate [Ba]fw are shown in Table 4-8. (Ba/Ca)sw 
and (Ba/Ca)mw are 8.75 and 12.7 pmol/mol as discussed above. The Ca concentration in 
seawater is 10.3 mmol/kg (Broecker and Peng, 1982). The Ca concentration of the 
meltwater is assumed to be similar to that of Mississippi River water during spring flood 
(0.77 mmol/kg; Garrison, et al., 1994). Using (6 ) Ba concentration of the meltwater can 
be calculated to be 550 to 650 pmol/kg. This concentration range is comparable to the Ba 
concentration of the Mississippi River during high flow, inclusive of desorbed Ba (see 
Chapter 2). Such concentration is reasonable, because chemical weathering of continental 
rocks may have been accelerated after glacial retreat, resulting in meltwater transport of 
weathering products to the Gulf via the Mississippi River. This chemical weathering 
effect was observed in elevated ^ S r /^ S r  ratios for the Orca Basin during glacial 
termination (Hodell etal., 1988).
4.4.3 Ba/Ca during the LGM
As previously stated, Ba/Ca values for Orbulina universa from Station 2 during 
glacial times are twice those for the Late Holocene to Recent time (1.4 compared to 0.7 
//mol/mol) (Figure 4-7). At Station 8 , on the northwestern slope of the Yucatan
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
123
Table 4-8: Contribution of Ba f  rom the meltwater
T
°C
ffw (Ba/Ca)sw (Ca)Sw (Ba)Sw (Ca)fw (Ba/Ca)mw (Ba)fw
fxmol/mol mmol/kg nmol/kg mmol/kg mmol/mol nmol/kg
20
22
0.07
0.06
8.75
8.75
10.3
10.3
90
90
0.77
0.77
12.7
12.7
550
650
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Platform, Ba/Ca inGlobigerinoides sacculifer during the LGM (100 cm) is nearly four 
times higher than during present conditions, nearly 3.9 //mol/mol versus 1.0 ^ mol/mol 
respectively (Figure 4-8). However, it is not clear from the Ba data alone what factors 
cause the increase. In the following discussion a few possible mechanisms are explored.
Changes in the open ocean Ba budget may exert a control on the Ba content in 
the surface water. Open ocean distributions o f dissolved Ba in seawater reflect the 
imprint of the biological cycle in that Ba is removed from surface waters and 
replenished in deep waters (Chan et al., 1977). Either a change in the mean Ba content 
of the ocean or a change in the oceanic inventory of productivity limiting nutrients like 
P may affect the surface Ba content of the open ocean. Lea (1990) discounted these 
processes as reasons for the increased Ba content of Atlantic surface water 14 kyr ago. 
According to Lea, Ba/Ca records from the equatorial Pacific suggest 10 to 15 per cent 
lower Ba during the last glacial; and mean ocean P was unchanged during the LGM 
(Lea, 1990). Thus, the increased Ba content of surface water in the Gulf of Mexico 
does not reflect a change in the global ocean Ba budget, rather it is likely the result of 
changes within the Gulf. That is, during the last glacial, increased Ba in Gulf of 
Mexico surface water must have been due to increased Ba input to the basin, relative to 
today.
Elevated Ba in Gulf of Mexico surface water during the LGM may be due to a 
lower surface area for the basin, and, consequently, a lower volume for the surface box. 
Vertical Ba concentration profiles (Chapter 3) indicate that the upper 200 m is most 
susceptible to the influence of near surface processes, whereas the distribution below 2 0 0  
m resembles that of the upper Atlantic. Oxygen isotope records for Station 2 and for 
Station 8  indicate a 120 m difference in sea level between the LGM and the Present 
(Fairbanks, 1989). Therefore, the coastline during the LGM can be approximated by the 
current 120 m isobath, as depicted in Figure 4-10. If all inputs and removal processes, as 
well as the depth of the surface box, remained the same for both the last glacial and the
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Figure 4-10: Approximate coastline and bathymetry of the Gulf o f Mexico 
during the Last Glacial Maximum (~ 18,000 years ago). Contour 
estimates are based on a relative change in sea level of 120 m. The 
surface area of the Gulf of Mexico was approximately 30 per cent smaller 
during the LGM because of continental ice sheets.
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Present; then the increase in Ba concentration for the surface water would be similar to the 
relative reduction in the surface area of the Gulf. Surface areas for the Gulf of Mexico 
were calculated using a  digital planimeter (Placom KP-90N) and the bathymetric map of
Bryant and Bryant (1991). For the LGM, the surface area o f  the Gulf was approximately
6 2 6 1.385 x 10 km , compared to the present day surface area o f  approximately 1.997 x 10
km . The relative difference between the two areas is approximately 30 per cent If the
present day sources and sinks for Ba existed and remained the same during the last
glacial, the difference in surface area associated with lower sea-level can account at most
for 30 per cent of the 50 per cent difference in the surface water Ba content Thus,
formation of continental ice sheets alone cannot account for a  greater concentration of
dissolved Ba in the surface water of the Gulf of Mexico during the last Pleistocene glacial
episode.
Documented present day sources of dissolved Ba to the Gulf include rivers, 
mainly the Mississippi and Atehafalaya (Hanorand Chan, 1977; Chapter 2) and 
hydrocarbon rich seeps along the Texas-Louisiana Slope (Fu et al., 1994; Fu and Aharon, 
1997). An increase in Ba input from rivers during glacial times may increase the Ba 
content of the surface Gulf water, but such an increase may not significantly affect the 
ocean inventory. The planktonic Ba/Ca record from the Bermuda Rise (Lea and Boyle, 
1991) suggests an increase of up to 20 per cent in the Atlantic surface water over the last 
14 kyr. This increase has been attributed to increased riverine input or a meltwater spike. 
Hydrocarbon seeps represent point sources of Ba, but the seep-derived Ba flux is 
unknown. Much of the active seepage today is located on the slope in water depths well 
below the shelf break. A 120 m drop in sea-level would not bring these seep-derived 
waters to the surface.
As stated above, lower sea level during the LGM resulted in a 30 per cent decrease 
in the surface area of the Gulf of Mexico. By the calculations given above, during this 
sea level lowstand 0.612 x 106 km2 (30 per cent of the present day 1.997 x 106 km2 given
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above) of the current shelf were subaerially exposed during the LGM  Erosion of this 
exposed shelf may have played a significant role in providing Ba-rich source waters to the 
surface Gulf. As discussed in Chapter 3, between the large carbonate platforms of the 
Florida and Yucatan Peninsulas lie thick Cenozoic sediments. These sediments were laid 
down during basin ward progradation that occurred as a result of early orogeny in the 
southern Rocky Mountains, volcanic activity in Mexico’s Sierra Madre Occidentale, and 
uplift of the Colorado Plateau with subsequent eastward tilting of the Great Plains 
(Galloway et al., 1990). Erosion of the exposed shelf would impact both the carbonate 
platforms and the clastic sediments. Subaerial exposure of the carbonate platforms, 
particularly the Yucatan Platform, during sea level lowstand and subsequent karsting may 
result in an increase in the large scale convection of fluids known to occur within the 
platform (Back et al., 1983). Groundwaters below the halocline within the Yucatan are 
enriched in Ba and H2S, suggesting high Ba contents are related to reduction of barite 
(Chapter 3). Increased circulation of these subhalocline waters would provide a 
groundwater derived source of Ba to the surface Gulf, provided a hydrodynamic flow 
regime existed during the last glacial. Subaerial exposure of the clastic sediments of the 
shelf did result in large scale erosion. During sea level lowstands of the Pleistocene, large 
channels were incised into the exposed shelf sediments (Suter and Berryhill, 1985; 
Prather et al., 1998). Deltaic deposition during the last glacial occurred at the mouths of 
rivers flowing through these incised valleys (Suter and Berryhill, 1985; Galloway et al., 
1990). Should shelf sediments contain elevated Ba concentrations, exposure of these 
sediments and subsequent weathering may introduce Ba-rich fluids to the surface water of 
the Gulf of Mexico.
Macpherson (1989) documented elevated Ba in Gulf basin formation waters, 
where concentrations ranged from 1 to 2000 mg/L (7.28 x 103 nmol/I and 14.56 x 106 
nmol/1, respectively). High Ba concentrations (250 to 8200 nmol/kg) have also been 
found in pore waters from sediments near the Mississippi Delta (Trefrey and
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Klinkhammer, 1988). Incision into sediments containing these fluids during low sea 
level stand may promote expulsion o f Ba-rich waters to the surface Gulf.
Groundwater may also be a  likely source of Ba to the surface Gulf during the last 
glacial. Recent work by Moore (1996, 1997) and Shaw et al. (1995) suggests 
groundwater input from reservoirs may be important sources for Ba and Ra in modem 
coastal waters. The mechanism for trace metal enrichment in these groundwaters is 
believed to be the release of adsorbed cations during saltwater intrusion into siliciclastic 
aquifers (Moore, 1996; 1997). Back et al., (1983) suggested large scale convection in the 
Yucatan Platform supplies the near coastal environment with mixed waters from deep 
within the peninsula. Such a mechanism is bolstered by the presence of the submarine 
discharge o f fluids from the steep escarpment of the Florida Platform (Pauli et al., 1984; 
Pauli and Neumann, 1987; Pauli et al., 1991).
Typically groundwater flow is discussed in terms of parameters such as the 
amount of meteoric recharge and the hydraulic gradient. Groundwater flow, then, 
incorporates a climatic component in that humid climates are generally thought to be 
required for notable flow. For groundwater to be a viable mechanism for increased Ba 
input to the surface Gulf of Mexico during the last glacial, it stands to reason that the 
climatic conditions of the LGM would have to have been humid. Studies of lake 
sediments from the Caribbean and Florida do not give evidence for humid climatic 
conditions, however (Watts et al., 1992; Leyden et al., 1994). Pollen records from Lake 
Quexil, Guatemala (Leyden et al., 1994) and Lake Camel, Florida (Watts et al., 1992) 
give evidence for cold, arid climatic conditions during the late glacial episode. A cold, 
dry climate during the LGM is also evident in pollen records from Mexico and the 
Southeastern United States (Brown, 1985; Delcourt and Delcourt, 1985). The climate of 
the last glacial, therefore, would not promote groundwater flow that is driven by large 
meteoric fluxes.
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According to Robb (1990), however, sea level lowstands are times of enhanced 
groundwater discharge in coastal environments. Several mechanisms that result in 
differential pore pressures provide for the possibility of groundwater flow (Robb, 1990), 
mechanisms that are not necessarily tied to meteoric recharge. One such mechanism is 
described as follows. During sea-level Iowstand, the external hydrostatic load on the 
sedimentary column is reduced, resulting in sedimentary pore pressures in excess of the 
hydrostatic pressure. This hydrostatic disequilibrium could result in drainage of 
subaerially exposed shelf sediments and discharge of pore fluids within submarine 
sediments (Robb, 1990). Thus, a  mechanism does exist that could explain groundwater 
discharge during the sea level Iowstand of the LGM. Groundwater discharge to the Gulf 
of Mexico, therefore, may have been responsible for the increased Ba concentration 
recorded in the surface of the glacial Gulf of Mexico.
Erosion of the large areas of the exposed shelf and groundwater input into the 
Gulf during the LGM represent two possible mechanisms for Ba enrichment, relative to 
the Present, in the surface water. Discussion above is fairly speculative, and no 
quantifiable fluxes of Ba from these sources can yet be provided. Documentation of 
additional Ba sources in the Gulf basin, sources such as groundwater and pore waters, is 
required to further understand the complex variability of this trace element through time. 
Strontium isotope studies would also help to determine the source of Ba enrichment in the 
surface Gulf during the LGM.
4 . 5 Summary and Conclusions
Ba/Ca ratios in planktonic foraminifera have been determined by isotope dilution 
using a thermal ionization mass spectrometer. The method is reproducible and yields 
Ba/Ca values for Orbulina universa from the Gulf of Mexico that are comparable to 
previous determinations for the Atlantic Ocean.
Two sediment cores from the southern Gulf of Mexico were analyzed for 
variations in 8 lsO, 5 I3 C, and Ba/Ca in the Quaternary. During periods of meltwater
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input, as indicated by depleted 8 lgO values, Ba concentration for the surface Gulf of 
Mexico was correspondingly high. For open waters in the southern Gulf, Ba/Ca values 
for Orbulina universa reach a maximum of 2.0 ^ mol/mol during the major discharge at 
roughly 13 kyr ago. Closer to the Yucatan Platform, the Ba/Ca for Globigerinoides 
sacculifer in the meltwater spike reaches a value of 2.6 /nnol/mol. These meltwater 
values represent increases of at least 30 per cent over those of the Last Glacial Maximum. 
This study therefore provides the first Ba/Ca evidence of the disintegration of the 
Laurentide ice sheet
Salinities derived from the oxygen isotope data demonstrate surface water 
freshening of 6  to 7 per cent in the southern Gulf of Mexico. The foraminiferal Ba/Ca 
data yield a Ba concentration in the meltwater that is comparable to that of the present day 
Mississippi River water. Since continental waters have considerably higher Ba 
concentration than surface seawater, Ba is a useful tracer of fresh water input into the sea. 
For this reason planktonic Ba/Ca may be applied to study glacial meltwater or monsoonal 
flood water discharges associated with climatic changes.
Based on the foraminiferal planktonic record, the glacial Ba/Ca value is about 
twice that of the Recent. Increased riverine input, expulsion of pore fluids, and 
groundwater discharge represent some of the possible sources for the Ba enrichment. 
These contributions, however, need to be confirmed by future studies.
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Ba/Ca Ratios of Recent Benthic Foraminifera Cibicides  
wuellerstorfiz Pressure as a Probable Control
5.1 Introduction
Previous work has underscored the importance of dissolved Ba as a tracer of 
thermohaline circulation and source water chemistry in the modem ocean (Chan et al., 
1977; and Ostlund et al., 1987). One key to extending Ba studies to paleoceanography is 
found in benthic foraminiferal tests. Foraminiferal tests contain useful records of the 
variations in the Ba chemistry of the oceans through time (Lea and Boyle, 1989; Lea and 
Boyle, 1990 a and b), because Ba in the foraminiferal calcite lattice has been shown to 
covary linearly with ambient dissolved Ba concentration (Lea and Boyle, 1989). The 
applicability of Ba/Ca ratios to paleoceanography, therefore, depends on the strength of 
this relation between Ba in the foram test and Ba in seawater.
Recent studies, however, have revealed complicating factors that could affect the 
incorporation and the preservation of trace elements in foraminiferal shell material. Boyle 
(1992) showed that the partition coefficient of Cd varies with water depth, and he 
suggested that the cause of the variability may be related to temperature, pressure, and 
biological processes. Russell et al. (1994) observed decreasing Mg/Ca and U/Ca ratios 
with water depth in some benthic species. McCorkle et al. (1995) found a decrease of 
Cd/Ca, Ba/Ca and Sr/Ca with water depth in Recent Cibicides wuellerstorfi on the 
Ontong-Java Plateau, and the authors correlated the partition coefficients, D(Cd) and 
D(Ba), to the calcite saturation state in seawater. According to their hypothesis, lattice- 
bound metal concentrations are affected by incongruent dissolution of the foraminiferal 
test, particularly at depths greater than 3000 m. Brown and Elderfield (1996) found 
higher Mg/Ca and Sr/Ca in chamber calcite than in keel calcite of Globorotalia tumida, and 
they invoke a selective dissolution effect in describing decreasing elemental ratios with
131
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water depth. The implication is that chemical records may be disturbed if incongruent 
dissolution of foraminiferal material occurs after deposition.
Depth gradients in Metal/Ca ratios also have been explained in terms of a 
biological response to environmental factors. For example, Rosenthal et al. (1997) show 
that the temperature dependence of benthic Mg/Ca ratios cannot be explained by 
thermodynamics alone. Planktonic species that secrete tests in deeper waters have lower 
F/Ca and heavier oxygen isotopic compositions relative to species calcifying at shallower 
depths (Rosenthal and Boyle 1993). However, there is no direct correlation between F 
and sea surface temperature. This leads Rosenthal and Boyle (1993) to conclude that 
uptake of F  and Mg is influenced by temperature-regulated physiological processes. 
Further evidence for the importance of biological processes in the coprecipitation of 
metals in foraminiferal calcite comes from benthic Sr/Ca variation (Rosenthal et al.,
1997). Sr/Ca exhibits a linear decrease with increasing water depth. Because this 
relationship is the reverse of that observed in corals and inorganic precipitation 
experiments, it is suggested that a possible biological response to pressure may be the 
dominant factor in Sr uptake. Recently, Elderfield et al. (1996) proposed that the depth 
gradient for D(Sr) is caused by a changing calcification rate with depth.
The Gulf of Mexico is an excellent location for sorting out the various controls 
(temperature, pressure, and dissolution) on the metal content in benthic foraminiferal 
tests. Fed largely by waters originating from the mid-depth North Atlantic, Gulf Basin 
Water (GBW) represents a fairly homogeneous water mass with respect to temperature, 
salinity, and Ba concentration (Nowlin, 1972; Morrison et al., 1983; Chapter 3; Plates 1, 
2, and 3) and should be saturated with respect to calcite (Broecker and Peng, 1982; 
Bainbridge, 1981; Haddad and Droxler, 1996). Changes in Ba/Ca ratios with depth 
would then imply controlling mechanisms other than carbonate dissolution and 
temperature. In this work, core top specimens of the benthic foraminifer Cibicides 
wuellerstorfi spanning a depth range of 692 to 3710 m in the Gulf of Mexico have been
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studied to examine the changes in Ba/Ca ratios with depth. Samples from this setting 
permit evaluation of pressure-related factors on the Ba uptake by benthic foraminifera.
5.2 Oceanographic Setting
Intermediate waters from the North Atlantic enter the Caribbean Sea via a number 
of passages and sills: Windward Passage (1400-1600 m), the Grenada Sill (800 m), the 
Anegada-Jungfem Sills (1800 m), the Mona Passage (800 m), and the Jamaica-Hispanola 
Ridge (1000 m) (Wust, 1963; and Morrison and Nowlin, 1982) (Figure 5-1). From the 
Yucatan Basin, these Atlantic derived waters flow into the Gulf of Mexico over the 
Yucatan Sill, roughly 1900 m deep (Nowlin, 1971, Carder et al., 1977; among others). 
The upper water (< 600 m), in general, follows the Loop Current exiting through the 
Straits of Florida, while deep water returns via the Yucatan Channel to the Yucatan Basin 
(Nowlin, 1971; Hansen and Molinari, 1981) (Figure 5-1). Sill depths, therefore, control 
the source of deep Gulf basin waters such that only North Atlantic waters occurring above 
2000 m enter the Gulf of Mexico to fill the basin.
The hydrography data have been presented in Chapter 3. The composite plots of 
the salinity, potential temperature, and Ba data for stations in the southern Gulf of Mexico 
are shown in Figure 5-2. While the distribution of these data has been discussed 
previously (Chapter 3), these data are displayed again here to illustrate the following 
important point A fairly homogeneous water mass, the Gulf Basin Water (GBW), 
resides below 1500 m (Nowlin, 1971; Morrison et al., 1983). Potential temperature, 
salinity, and Ba concentration vary little with depth in the GBW. Potential temperature is 
uniformly 4 °C; salinity is 34.9 ppt; and Ba concentration varies slightly between 60 and 
64 nmol/kg. Furthermore, a short residence time for Gulf Basin Water, roughly 93 yr 
(see calculation in Chapter 3), ensures relatively rapid flushing of the deep Gulf.
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A  schem atic representation o f  inflow  from the Caribbean through the Yucatan Straits and out through the Florida  
Straits is indicated. A  short arrow indicates return flow  from  the G ulf o f  M ex ico  to the Caribbean Sea. 134
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5.3 Sam ples and M ethods
Samples were taken from the tops of gravity cores raised from the southern Gulf 
of Mexico and northern Yucatan Basin during May and June of 1992 aboard the BO Justo 
Sierra as discussed previously (Chapters 3 and 4). Core locations are given in Table 5-1 
and Figure 5-3. This suite of core tops ranges in depth from 692 to 3710 m. The top 1 
cm of each core was removed and placed in a sealed plastic bag. These core tops were 
then washed, dried, and sieved according to the procedure outlined in the previous 
chapter. Ba/Ca values were calculated from separate determinations of Ba and Ca. Ba 
was determined through isotope dilution thermal ionizing mass spectrometry, and Ca 
contents were determined by atomic absorption spectrophotometry, as discussed in the 
previous chapter.
To test the method reproducibility, roughly 1-2 mg of individual specimens of 
Cibicides wuellerstorfi, Pyrgo murrhina, Hoeglundinaelegans, and Uvigerinaperegrina 
(Plate 5) were hand-picked from the Station 15 sediment (water depth 1735 m) and 
cleaned according to the procedure established for planktonic foraminifera. These species 
were selected for analysis on the basis of their abundance in the sample, but they also 
represent different mineralogical forms having a range of habitats. Table 5-2 lists the 
Ba/Ca values for these benthic foraminifera. With the exception of the aragonitic form, 
Hoeglundina elegans, replicate analyses agree within lOper cent or less. In particular the 
average value for Cibicides wuellerstorfi, 2.126 ±0.114 ^ mol/mol, compares quite well 
with the previous determination of 2.26 /<mol/mol for late Holocene specimens from the 
Caribbean Sea (Lea, 1990). As the method produces acceptable values for C. 
wuellerstorfi-, and as this species is fairly abundant in all samples, C. wuellerstorfi was 
analyzed from all of the coretops in this study. In addition, analyses of the associated 
bottom waters were also performed to give ambient Ba concentration data. The analytical 
procedure for water analysis was presented in Chapter 2. The data are presented in Table 
5-3.
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Table 5-1: Core top locations
Sediment Core Latitude (N) Longitude (W) W ater Depth (m)
MIC 1001 21° 13' 94° 56' 3220
MIC 1002 22° 30' 94° 00' 3640
MIC 1003 23° 30' 93° 00' 3710
MIC 1005 23° 28’ 90° 00' 692
MIC 1006 23° 33’ 90° 00' 1232
MIC 1008 23° 38' 90° 00' 2598
MIC 1009 24° 53’ 87° 53' 2300
MIC 1013A 24° 21* 87° 30' 992
MIC 1015 23° 3i- 8 6 ° 31' 1735
MIC 1016 23° 19’ 8 6 ° 38' 903
MIC 1020 21° 49’ 8 6 ° 08' 1342
MIC 1021 21° 40’ 85° 55' 1960
MIC 1022 20° 27’ 8 6 ° 0 0 ' 2440
MIC 1023 20° 35' 8 6 ° 2 1 ' 1235
MIC 1055 21° 44' 93° 15' 3200
MIC 1059 20° 45' 96° 22' 1490
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PLATE 5
Figures
1 , 2 Cibicides rugosus
3 ,4 C. wuellerstorfi
5 Hoeglundina elegans
6 Pyrgo murrhirta
7 Uvigerina peregrina
All scale bars represent 100 pm.
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Table 5-2: Reproducibility of benthic foraminiferal Ba/Ca
Sample Ba/Ca (^mol/mol) Variation (%)
Cw-1 2.01757
Cw-2 2.24624
Cw-3 2.11466
He-1 4.16748
He-2 3.76864
He-3 5.04681
Up-1 2.44114
Up-2 2.11328
Pm-1 4.91479
Pm-2 4.44907
Bolivina 1.86478
Cr 1.97283
Averages:
Cw 2.126 ±0.114 5%
He 4.328 ± 0.654 15%
Up 2.277 ± 0.232 10%
Pm 4.682 ± 0 3 3 0  7%
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Table 5-3: Bottom water Ba concentrations
Station Depth (m) Ba (nmol/kg)
1 3220 64.09
2 3640 63.68
3 3710 62.78
5 692 61.47
6 1232 61.28
8 2598 62.88
9 2300 62.60
13 992 61.87
15 1735
16 903
2 0 1342 60.10
2 1 1960 60.44
2 2 2440 53.61
23 1235 58.78
55 3200 63.75
59 1490 63.28
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5 .4  R esults and Discussion
Ba/Ca values for Cibicides wuellerstorfi from the core tops range from 1.756 to 
2.480 /<moI/mol (Table 5-4). Where possible, replicate analyses were performed. 
Variances range from 1 to 9 per cent among the replicates, demonstrating both successful 
removal o f secondary barite (and other impurities) and reliable analytical procedures. 
Dissolved Ba concentrations for bottom waters for the Gulf stations range between 60 and 
64 nmol/kg. Two stations, 22 and 23, are on the Caribbean side of the Yucatan Sill and 
have distinctly lower bottom water concentrations (54 and 59 nmol/kg respectively). The 
slightly higher Ba content on the Gulf side may reflect small localized input within the 
Gulf Basin.
5.4.1 Ba/Ca Ratio Versus Dissolved Ba Concentration
Lea and Boyle (1989) have presented convincing iinear relationships between 
ambient dissolved Ba concentration and lattice-bound Ba for benthic foraminifera. The 
calibration was based on three benthic species, Cibicides wuellerstorfi, Uvigerina, spp., 
and Cibicides kullenbergi from deep sea cores of the major oceans. Only four of the 50 
cores are shallower than 2 km (Lea and Boyle, 1989; and Lea, 1993). The core top Ba/Ca 
data for C. wuellerstorfi from the Gulf of Mexico and from the Yucatan Inflow fall on the 
general trend with respect to water composition established for the global ocean (Figure 5- 
4).
A closer look at the Gulf data set, however, suggests Ba/Ca ratios are controlled 
by more than ambient Ba chemistry (Figure 5-5). Two fields emerge when Ba/Ca is 
plotted versus dissolved Ba concentration. The first field is composed of data from the 
two Caribbean stations. For these two stations, the Ba/Ca ratio of the foraminiferal shell 
increases with the Ba content of the water, consistent with the global trend. Data 
comprising the second field, the Gulf of Mexico data, form a linear trend that shows a 
large decrease in Ba/Ca over a small range of ambient Ba concentrations (60-64 nmol/kg).
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Table 5-4: Core top foraminiferal Ba/Ca for Cibicides wuellerstorfi
Sample Ba/Ca (^mol/mol) Avg. Ba/Ca*
MIC1001-1 1.84647
MI C l002-1 1.75648
MIC1003-1 1.81242
MIC1005-1 2.25669 2.155 ±0.145
MIC1005-2 2.05247
MIC1006-1** 3.27211 2.480 ± 0.213
MIC1006-2 2.32921
MIC1006-3 2.63043
MIC1008-1 2.33090
MIC1009-1 1.95986 2.031 ± 0 . 1 0 0
MIC1009-2 2.10238
MIC1013-1 2.37330
MIC1015-1 2.01757 2.126 ±0.114
MIC1015-2 2.24624
MIC 1015-3 2.11466
MIC1016-1 2.32426 2.307 ±0.025
MIC 1016-2 2.28881
MIC1020-1 1.97042
MIC1021-1 2.24818 2.244 ±0.011
MIC1021-2 2.23066
MIC1021-3 2.25250
MIC1022-1 1.87322
MIC1023-1 2.03344
MIC1055-1 2.30850
MIC1059-1 2.05754
* Where replicates exist, the Avg. is the mean of replicate analyses.
** Sample MIC1006-1 was not included in the calculation of the Avg. Ba/Ca 
for MIC1006 as it was more than 25% greater than the other two replicates.
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Figure 5-4: Ba/Ca versus in situ dissolved Ba concentration for Cibicides 
wuellerstorfi from the Gulf of Mexico data presented in this study 
(open squares) and from the open ocean data (solid diamonds) described 
by Lea and Boyle (1989).
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Ba/Ca (fimol/mol)
Figure 5-5: Ba/Ca for the benthic species Cibicides wuellerstorfi plotted 
versus in situ dissolved Ba concentration. Caribbean and Gulf of 
Mexico locations are indicated by shading.
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Ba/Ca values for Cibicides wuellerstorfi are plotted versus depth in Figure 5-6. 
Error bars represent a  reproducibility of 10 per cent for these determinations. Although 
there is considerable scatter in the data, Ba/Ca ratios appear to decrease from about 2.5 
/^mol/mol in shallower waters (-1000 m) to 1.75 ^ mol/mol below 3000 m. In contrast, 
the ambient Ba concentration in this depth interval does not vary by more than 6.25 per 
cent Because of the variation in the dissolved concentration, it is more meaningful to 
examine the distribution coefficient as a function of depth. D(Ba) values for the above 
Gulf data have been calculated under the assumption that dissolved Ca is homogeneous at 
these depths, having a seawater value of 10.3 mmol/kg (Broecker and Peng, 1982; 
Chester, 1990). These D(Ba) values are listed in Table 5-5 and plotted in Figure 5-7 
together with the values for the Ontong-Java Plateau (McCorkle et al., 1995). The Gulf 
data do seem to mimic the decreasing trend characterizing data from the Ontong-Java 
Plateau. Because a considerable amount of scatter exists in the Gulf data, statistical 
analysis is necessary to test the validity of the linear decrease in D(Ba) with depth.
To determine the likelihood that the data do fit a straight line, a mean square 
weighted deviation (MS WD) of the Gulf data was calculated using the York II program 
(Ajoy Baksi, personal communication). In the calculation, a one sigma error of 10 per 
cent is taken for the x-coordinate (D), and 1 meter is taken for the y-coordinate (depth). 
The program yields a linear regression line with a positive slope of about 39,000 
(m/D(Ba)) ± 9,000 (lo ) and an MSWD, i.e. goodness of fit parameter, of 0.8. An 
MSWD value of 1 indicates that deviations from the regression line are entirely due to 
experimental error (York, 1967; Wendt and Carl, 1991). The MSWD of 0.8 for the data 
in this study suggests that the 10 per cent error in D(Ba) is realistic. Thus, a statistically 
meaningful linear relationship does exist between depth and D(Ba) under the above 
conditions. Furthermore, since the error in the slope is significantly smaller than the 
value of the slope itself, the depth dependence of D(Ba) is, therefore, statistically viable.
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Figure 5-6: Ba/Ca from Recent C ibicides wuellerstorfi from  the 
Gulf o f M exico (solid squares) and Caribbean Stations 22 
and 23 (solid triangles) plotted versus depth. Error bars 
represent average error of 1 0 %.
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Table 5-5: Ba, Ba/Ca and D(Ba) for Cibicides wuellerstorfi samples from the 
southern Gulf of Mexico and northern Yucatan Basin.
Sample Depth (m) Ba nmol/kg Ba/Ca ^ mol/mol_____ D (Ba)
1001 3220 64.1 1.846 0.297
1002 3640 63.7 1.756 0.284
1003 3710 62.8 1.812 0.297
1005 692 61.5 2.155 0.361
1006 1232 61.3 2.480 0.417
1008 2598 62.9 2.331 0.382
1009 2300 62.6 2.031 0.334
1013 992 61.9 2.373 0.395
1015 1735 2.126
1016 903 2.307
1020 1342 60.1 1.970 0.338
1021 1960 60.4 2.244 0.382
1022 2440 53.6 1.873 0.360
1023 1235 58.8 2.033 0.356
1055 3200 63.8 2.309 0.373
1059 1490 63.3 2.058 0.335
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Figure 5-7: D(Ba) for C. w uellerstorfi for the Gulf of Mexico and 
for the Ontong-Java Plateau plotted versus depth. Gulf o f 
Mexico data are indicated by open squares; Ontong-Java Plateau 
data from  M cCorkle et al. (1995) are represented by solid diamonds. 
D (Ba) is calculated by dividing the Ba/Ca o f the foraminiferal test 
by the Ba/Ca of ambient seawater. See text for discussion.
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The calculated slope indicates a decrease o f0.026 in D(Ba) per km. Thus, a decrease of 
about 20 per cent in D(Ba) occurs between 692 and 3710 m in the Gulf basin.
5.4.2 Comparison to the Bahama Bank and the Ontong-Java Plateau
Minor element concentrations for benthic foraminifera from the Bahama Bank 
decrease in a similar fashion (Rosenthal et al., 1997). Like the Gulf of Mexico data, these 
Bahama Bank samples were taken from waters saturated with respect to calcite; however, 
unlike the Gulf data, the Bahama Bank samples represent waters with substantial 
temperature, salinity and pressure variations. The vertical variation in Mg/Ca at the 
Bahama Bank appears to be controlled by temperature, whereas Sr/Ca is not correlated 
with temperature. Thus, it is suggested that pressure plays an important role in the 
incorporation of Sr during the calcification process (Rosenthal et al., 1997).
An alternate scenario is suggested for similar depth dependent decreases in Ba/Ca, 
Sr/Ca, and Cd/Ca ratios for benthic foraminifera from the Ontong-Java Plateau (McCorkle 
et al., 1995). With regard to Ba/Ca ratios, values for Cibicides wuellerstorfi from 
McCorkle et al. (1995) drop roughly 30 per cent from 3.9 /unol/mol at 2000 m to nearly 
2.8 ^ mol/mol at 4000 m. Values for D(Ba) also decrease by about 30 per cent over the 
depth range for the Ontong-Java suite of samples (Figure 5-7). According to McCorkle et
A
al. (1995), D(Ba) strongly correlates with ACO3 ', defined as the difference between the 
in situ seawater C 0 32' concentration and that o f calcite saturation. Such a relation 
suggests that for these samples, Ba/Ca content strongly reflects the impact of incongruent 
dissolution (McCorkle et al., 1995). It is, however, not clear why the dissolution trend 
continues to affect samples clearly above the calcite foraminiferal lysocline.
5.43 Controls on D(Ba) in the Gulf of Mexico
5.4.3.a T emperature
With the exception of two samples, all the samples studied here are from water 
depths below 990 m. Potential temperatures at 1000 m and below in the Gulf basin are
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constant at 4  °C. Thus the variation of D(Ba) with depth cannot be attributed to 
temperature variations.
5.4.3.b Calcite Saturation State and Dissolution Effect
Prior to discussion of the effects of dissolution, the state of calcite saturation in the 
Gulf of Mexico must be established. Carbonate ion concentration profiles from the 
Atlantic and the Caribbean are presented in Figure 5-8. The Atlantic data are from 
GEOSECS Station 36, just outside the Caribbean Basin (Bainbridge, 1981), and the 
Caribbean data come from a station located on the North Nicaraguan Rise (Haddad and 
Droxler, 1996). Also plotted is an empirical curve representing the saturation state of 
water with respect to calcite, determined by Broecker and Takahashi (1978). As 
illustrated in the figure, above the approximate depth for the Yucatan Sill, intermediate 
waters for the Atlantic and western Caribbean are saturated with respect to calcite. Water 
flowing over the sill into the Gulf of Mexico maintains a C 032' concentration of roughly 
90 /rmol/L. Consequently, deep waters of the Gulf of Mexico, consistent with their 
source waters, should be saturated with respect to calcite, given the high flushing rate of 
the basin.
Another factor to consider is the amount of Mg present in the test. Experimental 
studies have shown that high Mg carbonate phases are less dissolution resistant (Walter 
and Morse, 1985; Bischoff etal., 1987). Brown and Elderfield (1996) modeled the 
changes in the ACO3 '  with depth that result from increasing Mg/Ca ratios in calcites for 
the Ontong-Java Plateau site. According to the model, significantly shallower calcite 
saturation horizons are expected when Mg/Ca exceeds 10 mmol/mol. Analyses of Mg 
contents in Cibicides wuellerstorfi performed by Russell et al. (1994), however document 
that C. wuellerstorfi tests are low magnesium calcites. Core top samples of C. 
wuellerstorfi from the Atlantic and Pacific Oceans (water depths from 1614 to 4427 m) 
have Mg/Ca contents of 1.32 to 2.25 mmol/mol (Russell et al., 1994). Such low Mg
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Figure 5-8: Carbonate ion concentrations from GEOSECS Atlantic 
Station 36 (solid squares) and North Nicaraguan Rise (open 
circles). Data are from Bainbridge (1981) and Haddad and 
Droxler (1996) respectively. Also plotted is a curve indicating 
the saturation state of water with respect to calcite derived 
empirically after Broeker and Peng (1982). Figure suggests 
water filling the Gulf Basin is supersaturated with respect to calcite.
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contents are not expected to cause significant change in the calcite saturation horizon. 
These studies suggest that C. wuellerstorfi shells from the Gulf of Mexico also have low 
Mg content and that the decrease in Ba/Ca ratios in the deep Gulf cannot be attributed to 
test dissolution caused by a shallow magnesian calcite saturation depth.
In sum, the water in the Gulf of Mexico basin is probably saturated with respect to 
calcite. From a first-order consideration, partial dissolution is an unlikely mechanism for 
the observed decrease in Ba/Ca ratios in deep waters.
5 .43-c The Role of Selective Dissolution
It remains possible that trace elements can be selectively lost from the more 
soluble carbonate phase within the test. For example, Brown and Elderfieid (1996) found 
that Mg and Sr are distributed unevenly among the chamber and the thicker keel of 
Globorotaliatumida. Early dissolution of the trace element rich chamber calcite could lead 
to a decrease in element ratios in the test Globigerinoides sacculifer, on the other hand, 
does not show this effect (Brown and Elderfieid, 1996).
Little is known about how Ba is distributed throughout foraminiferal tests, but 
some insight may be gained from partial dissolution experiments. In an experiment by 
Lea (1990), a relatively large sample of foraminiferal shells was crushed and 
progressively leached in a series of steps. The leachates were then analyzed for Ba and 
Ca. For two species of planktonic foraminifera, Globorotalia truncatulinoides and 
Globorotaliaconglobatus, successive dissolution of 5 mg samples demonstrated no 
change, within experimental error, occurs in the Ba/Ca ratio (Lea, 1990). The benthic 
foraminifera Oridorsalis spp. and Cibicides wuellerstorfi likewise displayed no consistent 
decrease in Ba/Ca ratio with increased dissolution. For Uvigerina spp., only during 
advanced stages of dissolution did test fragments have slightly lower Ba/Ca in the leachate 
(Lea, 1990). These experiments seem to indicate that partial dissolution does not result in 
incongruent dissolution. Therefore, based on the considerations above, it does not appear
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likely that a  partial dissolution mechanism could account for the 30 per cent decrease in 
Ba/Ca observed over the depth range for this suite of cores.
5.4.3.d Biological Response to Pressure?
Rosenthal and Boyle (1997) suggested a  biological response to pressure may be 
responsible for observed Sr/Ca variability in benthic foraminifera. In their study of 
material from the Bahama Bank, temperature, salinity and pressure were variable making 
isolation of the effects of pressure difficult. In the data presented here, both temperature 
and salinity can be eliminated as possible mechanisms, given the constant temperature and 
salinity of the GBW. Moreover, the water that fills the deep Gulf Basin is saturated with 
respect to calcite. Thus the decreasing D(Ba) in benthic foraminifera as a function of 
depth is most likely a pressure-induced effect This pressure dependence may be 
thermodynamic in nature, but the magnitude of the D(Ba) decrease (20 per cent) may 
include other pressure-related processes. These Gulf data may therefore corroborate 
Rosenthal’s evidence for pressure-regulated biological control on the coprecipitation of 
trace metals in foraminiferal carbonate. To validate this theory much more must be done 
toward understanding how organisms regulate metal incorporation and coprecipitation.
At present, however, very little is known regarding the mechanism for trace metal
incorporation into the carbonate lattice. Studies by ter Kuile and Erez (1987) and ter
Kuile et al. (1989) suggest that Ca2+ uptake, in the case of the perforate foraminifera
Amphistegina lobifera, occurs through diffusion. Once Ca2+ is within the organism,
2+concentration of the Ca and subsequent calcification occur as a result of a series of 
enzymatic steps. If Ba cations are subject to the same mechanisms, not as yet 
demonstrated in any laboratory work, this would suggest a possible link may exist 
between the Ba content of secreted calcite and the enzymatic activity within the 
foraminifera. Pressure, as an environmental stress, may affect the foraminifera in such a 
way as to cause an inhibition of enzymatic activity and a  resulting variation in the internal 
concentration of Ba within the foraminifera. Such discussion is extremely speculative,
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however; and until more directed study of the mechanisms governing calcification occurs, 
the true nature of biological processes governing trace metal incorporation remains 
hidden.
5.5 Conclusions
In this study, the first reliable Ba/Ca measurements for benthic foraminifera in the 
Gulf of Mexico have been performed. Ba/Ca data for Cibicides wuellerstorfi from 16 
core tops from the southern Gulf of Mexico and northern Yucatan Basin have been 
presented. The water depths for these samples range from 692 to 3640 m. Replicate 
analyses for 5 core tops give an average method reproducibility o f 10 per cent indicating 
successful purification of foraminiferal tests and an effective determination of low level 
Ba in foraminiferal carbonates.
Ba/Ca ratios for Gulf of Mexico and Yucatan Basin samples fall on the overall 
trend of the global ocean, suggesting ocean chemistry is the primary control of Ba content 
in foraminifera. On closer inspection, however, this data set reveals a 30 per cent 
variation in Ba/Ca ratios within a  narrow range o f deepwater Ba concentrations.
Although the Gulf Basin Water is chemically and thermally homogeneous, D(Ba) 
and Ba/Ca both decrease significantly (20 and 30 per cent, respectively) with depth within 
the Gulf Basin Water. The controlling mechanism for such decreases has yet to be 
adequately identified. Previous laboratory experiments and consideration of the calcite 
saturation state of the GBW imply that incongruent dissolution of foraminiferal tests 
cannot account for the observed decrease of Ba/Ca with depth. Depth dependent variation 
in Ba/Ca appears to reflect a pressure-related control that may affect Ba coprecipitation in 
the carbonate lattice of foraminifera.
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Chapter 6
Benthic Foraminiferal Ba in the Gulf of M exico: Implications
for Intermediate Water Circulation in the Glacial North
Atlantic
6 .1  Introduction
Two processes allow for a record of past nutrient distributions to be preserved in 
fossil material at the sea floor: coprecipitation of trace metals within the foraminiferal 
carbonate lattice and the precipitation of certain benthic foraminifera tests in near carbon 
isotope equilibrium with seawater (Hester and Boyle, 1982; Lea and Boyle, 1989; 
Belanger et al., 1981). Through unraveling the Cd/Ca, Ba/Ca, and 8 °C  variations in 
these fossil records, deep oceanic conditions during the climatic transition between glacial 
and interglacial intervals over the past several hundred thousand years have been 
recreated. For example, the 5l3C values for deep water benthic foraminifera in the 
Atlantic were lower during the last glacial interval than during the Holocene (Mix and 
Fairbanks, 1985; Curry et al., 1988; Boyle and Keigwin, 1985/1986), while Cd/Ca and 
Ba/Ca values for the same period were substantially higher, roughly 50 per cent for both 
(Lea, 1995; Lea and Boyle, 1990a and 1990b; Boyle and Keigwin, 1985/1986; Boyle and 
Keigwin, 1982; Boyle and Keigwin, 1987). These three tracers thus record a 
reorganization in the deep waters of the Atlantic during glacial intervals when decreased 
production of nutrient-depleted North Atlantic Deep Water (NADW) resulted in a greater 
proportion of nutrient-enriched Antarctic Bottom Water (AABW).
In contrast to nutrient enrichment in the deepwater, there is growing evidence for 
relative nutrient depletion in mid-depth waters of the glacial Atlantic. Contrary to 
evidence from the deep water, intermediate waters of the Atlantic during glacial times are 
characterized by lower Cd concentrations and enriched 50 C values (Bertram et al., 1995; 
Boyle and Keigwin, 1987). Core samples from the Caribbean Sea, bathed by mid-depth
157
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Atlantic waters flowing over sills ranging between 1650 and 1900 m deep (Wust, 1963; 
Morrison et al., 1983; deMenocal et al., 1992), also record nutrient depletion during 
glacial intervals. A SBC increase from Holocene values around 0.7 per mil to values 
between 1.2 and 1.4 per mil during the last glacial interval has been documented for 
Caribbean samples (Oppo and Fairbanks, 1990). Cd data from the Caribbean, likewise, 
indicate nutrient depleted waters resided at intermediate depths in the glacial Atlantic. 
Boyle and Keigwin (1987) presented Caribbean Cd/Ca values of 0.075 /<mol/mol during 
the Holocene and values between 0.03 and 0.04 /^mol/mol during the Last Glacial 
Maximum. Ba/Ca data for the glacial Atlantic intermediate water mass are sparse thus far. 
Lea and Boyle (1990a) interpreted a 20 per cent decrease in Ba/Ca for benthic 
foraminifera in one Caribbean core to be indicative of nutrient depletion in the Atlantic 
intermediate water during glacial time. Also, they presented data from a mid depth core in 
the North Atlantic (water depth 2151 m) that illustrates middle depth nutrient depletion, in 
contrast to deep water nutrient enrichment during glacial times (Lea and Boyle, 1990a). 
6 13C, Cd/Ca, and Ba/Ca all point to the presence of relatively low nutrient waters in the 
mid-depth Atlantic during glacial times.
In this study, Ba/Ca for the benthic foraminifera Cibicides wuellerstorfi (Plate 5) 
has been determined for sediment cores from the Gulf of Mexico in an effort to verify 
these findings. Deep waters in the Gulf of Mexico are derived from the intermediate 
depth waters of the Atlantic (1800 to 1900 m) via the Caribbean (Wust, 1963; Morrison et 
al., 1982; Morrison et al., 1983). As a result, changes in nutrient concentrations for these 
Atlantic mid-depth waters will be recorded by benthic foraminifera residing in the deep 
Gulf. The Ba/Ca record presented here represents the first attempt to utilize Ba/Ca in the 
Gulf of Mexico to understand aspects of the paleoceanography of the deep Gulf of 
Mexico and to uncover changes in the circulation of Atlantic intermediate depth waters 
during the last glacial interval.
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6 .2  Atlantic Hydrography
The modem Atlantic hydrography has been studied thoroughly based on extensive 
hydrographic data and nutrient distributions. Chan et al.’s (1977) distribution of 
dissolved Ba in the Western Atlantic nicely illustrates the pattern of thermohaline 
circulation (Figure 6-1). Deep waters of the Atlantic are composed of two extensive water 
masses. The North Atlantic Deep Water (NADW) results from sinking of surface waters 
made denser through cooling, and it is composed of three water masses. The lower 
NADW (LNADW) consists of denser water masses formed in the Norwegian and 
Greenland Seas. The less dense upper NADW (UNADW) forms in the Labrador Sea.
As a consequence of its surface source, NADW retains a nutrient poor chemistry 
characterized by low P04, low Ba, and high 6 I3C (Bainbridge, 1981; Chan et al., 1977; 
Kroopnick, 1985). With southward migration, NADW is contained vertically between 
two water masses flowing from the southern ocean. Antarctic Bottom Water (AABW), 
derived from Circumpolar Deep Water, has elevated nutrient concentrations. It, therefore,
13contrasts NADW in that it is higher in Ba concentration and relatively lower in 6  C (Chan 
etal., 1977; Kroopnick, 1985). Antarctic Intermediate Water (AAIW) results from the 
sinking of Antarctic surface water at the southern convergence. Northern Atlantic water 
from intermediate depths (i.e. < 2 0 0 0  m) therefore consists of three principal water 
masses: nutrient rich AAIW with high Ba and relatively low 5°C; the upper component of 
the NADW (UNADW), discussed above as low in nutrient and Ba concentrations and
1 3high in 6  C; and the Mediterranean Outflow Water (MOW) that is characteristically high 
in Ba, salinity, and 6 UC but is low in P 0 4  (Chan et al., 1977; Bainbridge et al., 1981; 
deMenocal et al., 1992; Lea and Boyle, 1990a).
The link between the deep water in the Gulf of Mexico (GBW) and intermediate 
waters of the Atlantic Ocean was discussed in Chapter 5. In summary, sill depths for the 
Caribbean basins and the Yucatan Straits prevent Atlantic waters deeper than roughly 
1900 m from entering the Gulf of Mexico via the Caribbean Sea (e.g. Wust, 1963;
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Morrison et al., 1983; Haddad and Droxler, 1994). Given this sill-depth control, 
circulation changes in mid depth Atlantic that may occur during the last glaciation may 
exert an influence on the chemical composition of deep basin water in the Gulf of Mexico. 
In terms o f the net effect on Ba in the Gulf o f Mexico, elevated Ba concentration should 
indicate a  greater component of southern source waters, while depleted Ba concentrations 
should reflect a  greater component of North Atlantic sources.
6.3 Samples and Methods
Core samples are subsamples of gravity cores raised from the southern Gulf of 
Mexico during the May-June cruise of the BO Justo Sierra as discussed previously 
(Chapters 3 through 5). Core locations are listed previously; cores pertinent to this phase 
of the study are displayed in Figure 6-2. One cm thick samples were taken in 10 cm 
intervals from each core (Chapter 4, Figure 4-2). Samples were then washed over a 63 
jUm sieve, dried over night, and sieved. Specimens of the benthic foraminifera Cibicides 
wuellerstorfi were hand picked from the > 250 p m portion of the sieved residues. Of the 
sediment material available, the Station 58 core (water depth 2870 m) was the only deep 
Gulf core containing a sufficient amount of Cibicides wuellerstorfi for both stable isotope 
analyses and Ba/Ca determinations.
For Ba/Ca determinations, sample weights varied between 1 and 2 mg (between 5 
and 20 individuals). The cleaning and analytical procedures followed the method outlined 
previously for planktonic foraminifera (Chapter 4). Foraminiferal tests were lightly 
crushed under the microscope to insure all chambers were opened. Tests fragments were 
treated in a series of steps that included the following: 1) ultrasonication in water and AR 
grade methanol to remove clay material; 2 ) a hydrogen peroxide solution to remove 
organic matter; 3) reductive cleaning with hydrazine citrate to remove ferromanganese 
oxides; 4) alkaline-DTPA treatment to remove secondary barite phases; and 5) a weak acid 
leach. Samples were then dissolved in 3N HC1 and spiked with 135Ba.
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Ba and Ca fractions of the dissolved samples were separated from other cations 
through ion exchange chromatography. Ca fractions collected in 3N HC1 were diluted 
and assayed using a Perkin Elmer3300 Atomic Absorption. Ba fractions collected in 6 N 
HC1 were evaporated to dryness and loaded onto single Ta filaments. Ba contents were 
determined by isotope dilution using a Finnigan MAT 262 thermal ionizing mass 
spectrometer, as previously detailed. Replicate analyses of benthic foraminiferal material 
vary by 1 to 9 per cent (Chapter 5) and suggest the methods utilized here yield a precision 
comparable to that provided by other laboratories (Lea and Boyle, 1990a; Lea and Boyle, 
1991; Lea, 1990).
13 18
6  C and 6  O determinations for Cibicides wuellerstorfi from Station 58 were 
performed at the Stable Isotope Laboratory of Woods Hole Oceanographic Institution. 
Prior to analysis, foraminiferal tests were treated for a period of approximately 2 hours 
with a 3 per cent hydrogen peroxide solution to remove organic matter. Subsequently 
tests were sonicated in AR grade methanol for approximately 30 seconds. Following 
sonication, tests were rinsed with methanol 3 times to remove clay material. Clean 
foraminiferal tests were then dried briefly at 50 °C, packed in 1/2 dram bottles, and sent to 
Woods Hole. Sample sizes for stable isotope analyses were in the 50 to 70 pig weight 
range. After samples were loaded with methanol into individual reaction vessels of a Kiel 
carbonate preparation device, they were lightly crushed Test fragments were then reacted 
with 100 per cent phosphoric acid at 70 °C. The C 0 2  gas was purified (water removed) 
and analyzed in a Finnigan MAT 252 mass spectrometer against an internal reference gas, 
WHOI3. The NBS19 standard was analyzed as part of each run to allow correction back 
to PDB. Because the Kiel device uses 2 parallel lines to maximize output, each line has a 
different correction. The precision for 15 analyses of NBS19 over the run times was 
0.03 and 0.09 per mil for 6 °C  and 5180  respectively (line a) and 0.01 and 0.04 per mil 
for 513C and 5lsO respectively (line b). For both lines the PDB values for 513C and 5180  
of the standard were 1.95 and -2.20 per mil respectively.
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Radiocarbon ages have been determined on Globigerinoides sacculifer shells from 
30 cm and 70 depths of the core. The ages were obtained by accelerator mass 
spectrometry at ETH Honggerber, Zurich, Switzerland.
6.4 Results and Discussion
Downcore Ba/Ca values for Cibicides wuellerstorfi from two partial cores at 
Station 2 and Station 4  (3640 m for both cores), and for one core that extends well into 
the Pleistocene at Station 58 (2870 m), are given in Table 6-1. All cores represent deep 
Gulf of Mexico conditions. Cores from Stations 2 and 4, despite containing records of 
Ba/Ca variations at abyssal depths into the Pleistocene, do not extend into the full glacial 
time. As discussed in Chapter 4, both cores are barren of foraminifera just below the 
Ericson Y-Z transition. As a result, this study will focus on oceanic changes depicted in 
Station 58. A compilation of oxygen isotope compositions, carbon isotope compositions, 
and foraminiferal contents for this core is given in Table 6-2.
6.4.1 Oxygen Isotope Record
The main features of the 6I80  record (Figure 6-3) provide a framework in time for
13 18the comparison of 6  C and Ba/Ca variations. For purposes of correlation, the 6  O 
record for Station 58 is compared to that of a  deep Caribbean core (Oppo and Fairbanks, 
1990). 5lsO values for the Station 58 core are climbing through the Pleistocene from 
roughly 3.2 per mil at the 270 cm interval to values just above 3.8 per mil at the 120 cm 
interval. The shape of this portion of the record corresponds quite well with the 
Caribbean core V28-127 (water depth 3623 m), as displayed in Oppo and Fairbanks 
(1990). For the Caribbean core, 5lsO and 513C for Cibicides wuellerstorfi were measured 
to isotope stage 6 . However, the upper boundary of isotope stage 4  occurs just below the 
portion of good agreement for the two cores, and as a result the boundary cannot be 
correlated to the Gulf core presented here. The upper limit of stage 3 for Station 58 is 
interpreted to occur at the 170 cm interval, where 5lsO values no longer
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Table 6-1: Downcore foraminiferal Ba/Ca in Cibicides wuellerstorfi
Sample Ba/Ca Qanol/mol)
Station 2, 3640 m 
2 - 10-1 
2 - 20-1 
2-30-1 
2-40-1 
2-50-1 
2-60-1 
2-70-1 
2-80-1 
2 - 110-1
Station 4, 3640 m 
4-10-1 
4-20-1 
4-30-1 
4-60-1 
4-70-1
Station 58,2870 m 
58-10 
58-20 
58-30 
58-40 
58-50 
58-60 
58-70 
58-80 
58-90 
58-100 
58-110 
58-120 
58-130 
58-140 
58-150 
58-160 
58-170 
58-180 
58-190 
58-200 
58-210 
58-220 
58-230 
58-240 
58-250 
58-260 
58-270
1.67581
1.69260
2.11593
2.01293
2.13975
230169
237375
2.44141
2.74590
1.61141
1.82111
1.91016
232945
2.65628
2.05831
1.80292
1.98913
1.96460
2.10325
2.45811
2.72291
2.78172
3.53676
2.55922
2.17841
2.25082
2.54055
235311
2.16088
2.40141
2.44633
232461
2.23379
2.11248
7.06704
2.17600
2.25985
3.25547
2.65450
2.02271
1.98947
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Table 6-2: Summary of downcore variations in 6lsO, 613C, and Ba/Ca for Station 58
Depth (cm) 6 l3C (per mil) S,80(p erm il) Ba/Ca (^mol/mol)
0 1.055 2.473
- 1 0 1.140 2 . 2 1 1 2.058
- 2 0 1.108 2.214 1.803
-30 1.158 2.177 1.989
-40 0.939 2.401 1.965
-50 0.934 2.261 2.103
-60 0.741 2.573 2.458
-70 0.705 2.917 2.723
-80 0.763 2.950 2.782
-90 0.969 3.569 3.537
- 1 0 0 0.871 3.290 2.559
- 1 1 0 1.177 3.840 2.178
- 1 2 0 1.236 3.851 2.251
-130 1.180 3.823 2.541
-140 1.184 3.824 2.353
-150 1.189 3.701 2.161
-160 1 . 0 0 0 3.520 2.401
-170 1.045 3.600 2.446
-180 0.972 3.764 2.525
-190 0.934 3.460 2.234
- 2 0 0 1.009 3.570 2 . 1 1 2
- 2 1 0 0.841 3.284 7.067
- 2 2 0 1 . 0 2 1 3.340 2.176
-230 0.997 3.255 2.260
-240 0.787 3.296 3.255
-250 0.701 3.264 2.654
-260 1.068 3.418 2.023
-270 0 . 8 6 6 3.225 1.989
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demonstrate a  consistent increase. The placement of this boundary is consistent with the 
interpretation from core V28-127 and therefore corresponds to an approximate age of 28 
kyr for the 170 cm interval (Oppo and Fairbanks, 1990). Above 170 cm, 6 I80  values 
stabilize around 3.8 per mil for intervals between 150 and 100 cm. These isotopic 
compositions constitute a maximum for the Station 58 record and compare well with 
isotope stage 2 values from the Caribbean core. The relative locations of the 6 lsO maxima 
are offset In the Caribbean core this maximum occurs at the 60 cm interval, whereas 
6 lsO reaches a maximum at approximately 120 cm in the Gulf of Mexico core. This 
offset most likely reflects a higher sedimentation rate for the Gulf location. The Last 
Glacial Maximum (LGM) is interpreted to occur at the 120 cm interval of the Station 58 
core, lending an approximate age of 18 kyr to this portion of the core. Above 100 cm 
6 lsO values begin to decrease toward Holocene values of roughly 2.2 per mil. The stage 
2/1 boundary, at approximately 12 kyr occurs just above the 80 cm interval. The Ericson 
Y-Z boundary occurs in the 60 cm interval, as presented in Chapter 4. The top 70 cm 
section of the core therefore corresponds to the current interglacial climatic interval. Thus 
in this core isotope stages 1,2, and 3 can be identified.
Additional time constraint is provided by two 14C ages. The 14C age at 30 cm is 
4290 ±75 years, and at 70 cm the age is 10780 ± 75 years. A correction of 400 years has 
been applied to remove the reservoir effect. These ages and the zero age at the core top 
yield a constant sedimentation rate of 0.65 cm/1000 years during the Holocene.
6.4.2 Carbon Isotope Record
The Sl3C record from Station 58 agrees well with other records of Atlantic 
intermediate waters. Again comparison with the V28-127 record of the Caribbean, given 
in Figure 6-4, suggests good correlation between the two cores (Oppo and Fairbanks,
13
1990). A 6  C minimum just after glacial stage 4 in the Caribbean appears in the 250 cm 
of the Station 58 core, where a  minimum of 0.701 per mil occurs. This suggests that
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Core 58 may extend to about 55 kyr BP, close to the period of deglaciation following 
stage 4  (Oppo and Fairbanks, 1990). While the carbon isotope compositions of the 
Caribbean core fluctuate about 1.2 per mil through stages 2 and 3, 5I3C values in the Gulf 
core are increasing through stage 3, from 0.8 per mil at 270 cm to just over 1.0 per mil at 
the 170 cm interval (Figure 6-4). Within the glacial conditions of stage 2, 6 13C for the 
Gulf core is relatively elevated as values are slightly scattered about +1.2 per mil. In both 
cores relatively high 6 BC in glacial stage 2 falls to a minimum across the 2/1 boundary 
during deglaciation. The 6 BC minimum occurs at 70 cm which has a  14C age of 10,780 
years. This radiocarbon age is equivalent to about 12,000 calendar years and is consistent 
with Termination I. After the minimum, 513C climbs steadily from this interval through 
the Holocene, attaining values around 1.0 per mil in the Recent.
1 3  1 3The Gulf 5 C record is characterized by relatively high 6  C during stages 3 
and 2 that is bounded by two minima during periods of deglaciation observed at 70 cm 
and 250 cm respectively. Enriched S^C compositions during the glacial interval have 
been observed in intermediate depth cores from the North Atlantic (for example Bertram et 
al., 1995), near the Mediterranean Overflow (Zahn et al., 1987), and in cores from the 
Caribbean Sea (Oppo and Fairbanks, 1987; Boyle and Keigwin, 1987; Oppo et al.,
1995). This is in strong contrast to cores from deep ocean waters, where a shift to 
depleted 6 13C values during glacial times is observed (for example Duplessey et al., 1988; 
Curry et al., 1988; Boyle and Keigwin, 1982; Boyle and Keigwin, 1985/1986). The 
relatively high 6 13C values indicate that the deep Caribbean and the intermediate depth 
Atlantic were depleted in nutrients during the last glacial. The broad minimum in the late 
Pleistocene also occurs in all of the 6 13C records from the Atlantic intermediate cores and 
Caribbean cores discussed above, with the exception of the North Atlantic core of 
Bertram et al. (1995). Cuny et al. (1988), however, do provide evidence of a benthic 
minimum in core material from the Greenland Sea. The Gulf core presented here, 
displaying similarly enriched 6 13C during the last glacial interval and a broad deglacial
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minimum, agrees with previously observed 6 13C records for intermediate waters of the 
Atlantic. The Station 58 6 UC record indicates that nutrient depleted waters reached the 
deep basin of the Gulf of Mexico during the Last Glacial Maximum. The presence of this
1 3deglacial 6  C minimum over such wide spatial extent within the Atlantic, the Caribbean, 
and the Gulf of Mexico suggests some climatically induced change in circulation or in the 
preformed value of 6 I3C.
6.4.3 Ba/Ca Record
The Ba/Ca record for the Station 58 core is plotted along with the stable isotope 
profiles in Figure 6-5. Compared with previous Ba/Ca records for intermediate Atlantic 
depths and the Caribbean Sea, the deep Gulf Ba/Ca variation presented here extends 
farther into the Pleistocene, reaching isotope stage 3 at about 55,000 yr. There is a 
general inverse relation between Ba/Ca and 6 I3C throughout the core. The lack of exact 
correlation may be an artifact of low sample density. Two prominent maxima in Ba/Ca 
occur at 240 cm and 90 cm (3.3 and 3.6 ^mol/mol respectively), coinciding with the
1 3minima in 6  C at approximately the same depths. Low Ba/Ca values between these two 
intervals correspond to relatively high 8 13C and 5lsO values during stages 2 and 3. Ba/Ca 
ratios decrease steadily across the stage 2/1 boundary into the Holocene, dropping from
3.5 to 2.0 /^mol/mol in the Recent. This down core distribution is similar to that observed 
in the Caribbean core, KNR64-5PC, although the Caribbean core does not extend to the 
deeper Ba/Ca maximum (Lea and Boyle, 1990a). Cibicides wuellerstorfi and Cibicides 
kullenbergi in the Caribbean core both exhibit low Ba/Ca (roughly 1.8 and 2.0 /^mol/mol 
respectively) in stage 2 and rise to peak values (2.5 and 3.0 /<mol/mol, respectively) in the 
early Holocene. Ba/Ca then begins to decrease toward the Recent, although there are no 
Ba/Ca data for the top 5 cm of the core. The Ba/Ca record for the Deep Gulf of Mexico 
also resembles Lea and Boyle’s (1990a) North Atlantic mid depth core, CHN82-41- 15PC 
(water depth 2151 m). For this Atlantic core, Ba/Ca values vary between 2.1 and 2.5
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/<moI/mol during the LGM. There is a maximum in Ba/Ca at about 11 kyr from which 
Ba/Ca decreases to a core top value of 2.0 ^ mol/mol. Thus, strong similarity exists 
between the Ba/Ca records from both the Caribbean and Mid-depth Atlantic cores (Lea 
and Boyle, 1990a) and the core from the deep Gulf of Mexico presented in this study.
The shape of the Ba/Ca record during deglaciation, however, has not been 
previously discussed fully. The deep Gulf record presented here and the previous two 
mid-depth Atlantic and Caribbean records (Lea and Boyle, 1990a) together suggest the 
presence of nutrient-rich waters at the termination of the last glaciation, followed by 
decreasing Ba/Ca during the transition to interglacial stage 1. Cores from Stations 2 and 4  
(Figure 6 -6 ) give further evidence for Ba/Ca decreasing toward the Recent in the deep 
Gulf of Mexico. For these two cores, no oxygen or carbon isotope data were gathered 
due to low benthic foraminiferal abundance. The Pleistocene-Holocene boundaries for 
both cores, defined as the Ericson Y-Z boundary (detailed in Chapter 4), occur at the 60 
cm interval, providing a means for correlating these signals with the Station 58 core.
From the late Pleistocene into the Holocene, these records demonstrate nearly identical 
linear decreases in Ba/Ca. Ba/Ca decreases from roughly 2.5 //mol/mol, just under the 
boundary, to nearly 1.5 ^ mol/mol for the Recent. A similar decrease in Ba/Ca during 
deglaciation was observed in Atlantic core CHN82-41- 15PC (Lea and Boyle, 1990a).
The similarities between the Gulf Ba/Ca records and those of the open Atlantic and 
the Caribbean Sea have important implications for the impact of Iocal-basinal sources on 
the dissolved Ba budget, as preserved in the downcore record. Ba introduced to the Gulf 
Basin Water (GBW) directly from the seafloor, such as through seep fluids expelled 
along the Texas-Louisiana Slope (Fu et al., 1994; Fu and Aharon, 1997) or through 
diffusion from bottom sediments as documented for the Pacific (McManus, et al., 1994), 
appears to cause very little perturbation to the Ba distribution in the deep Gulf. This may 
reflect the short residence time of deep water in the basin (~100 years, see Chapter 2). As 
a consequence, the intermediate Atlantic circulation rather than local-basinal sources
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appears to exert the dominant control on the Ba record for the deep waters of the Gulf of 
Mexico through time. For this reason the utilization of Ba in the Gulf of Mexico as an 
indicator of the paleoceanography of the intermediate Atlantic Ocean can be considered 
viable.
The dissolved Ba concentrations of deep Gulf basin water through time, and 
derivatively those of the Atlantic water at about 2000 m, can be reconstructed from the 
Ba/Ca record of Station 58. Assuming an open ocean Ca concentration of 10.3 mmol/kg 
(after Chester, 1990) and a D(Ba) value of 0.35 for the water depth at Station 58 (Chapter 
5), the dissolved concentration for the deep Gulf can be calculated using the relation 
D(Ba) = (Ba/Ca)sh/(Ba/Ca)sw. Ba/Ca ratios between 120 and 230 cm average 2.31 ±
0.16 ^ mol/mol, giving a Ba value of 6 8  ± 5 for stage 2 and 3. The Ba/Ca ratios for the 
Holocene (1.98 ± 0.11 //mol/mol) yield a value of 58 ±  3. The later value is very close to 
the Ba concentration of the UNADW at GEOSECS station 33, a station close to the 
Caribbean Sea entrance. By the same method, the dissolved concentration of Ba is 
estimated to be 100 nmol/kg at the 90 cm interval. This concentration is similar to that of 
the modem AAB W (Chan et al., 1977). Based on the Gulf data, the Ba content of the 
Atlantic intermediate water during the LGM was about 15 per cent higher than it is today, 
compared to a Ba content in the deep water that was 30 to 60 per cent higher in the glacial 
Atlantic (Lea and Boyle, 1990 a and 1990b). During deglacial time, Ba concentration 
reached a value characteristic of southern ocean water. In the following discussion, the 
Ba/Ca variation with time is explained in terms of the changes in circulation that occurred 
during climatic transition.
6.4.4 Mid-depth Atlantic Circulation Through the Glacial to Interglacial Transition
  « - j
Zahn et al., (1987) proposed that the enrichment in 6  C during isotope stage 2 for 
Western Atlantic core sites is indicative of an increased contribution of Mediterranean 
Outflow Water (MOW) to intermediate Atlantic depths. MOW, which is characteristically 
higher in 8 I3C (Zahn et al., 1987), contains low concentrations of P 0 4  (as shown by
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deMenocal et al., 1992), and, therefore at first glance, seems an effective answer to 
questions concerning the origin of nutrient depleted intermediate depth waters. However, 
Ba concentrations for the MOW are currently higher than those for Atlantic intermediate 
waters, making the Mediterranean a source of Ba to the modem Atlantic Ocean (Lea and 
Boyle, 1990a). Furthermore, Lea and Boyle (1990a) demonstrated that this relatively 
elevated Ba concentration of MOW remained unchanged during glacial conditions. An 
increased component of the MOW would have the affect of increasing the Ba content of 
the mid depth waters in the Atlantic. Ba/Ca records for the intermediate Atlantic during 
the LGM, therefore, do not substantiate the claim that nutrient depleted waters are derived 
from an increased contribution of MOW.
The explanation for nutrient depletion lies in the reduced production of NADW as 
a deep water component As discussed above, Cd/Ca and Ba/Ca ratios are higher, 
correlative with lower b^C  values, for deep waters during glacial episodes (for example: 
Boyle and Keigwin, 1987; Lea and Boyle, 1990a and b). These records reflect a greater 
proportion of nutrient-rich AAB W in the deep glacial ocean. In contrast to deep water 
records, records for intermediate depths reveal the presence of nutrient-poor waters 
(Boyle and Keigwin, 1987; Lea and Boyle, 1990a; Bertram et al., 1995). Furthermore, 
Cd/Ca and b°C  data from cores in the northeast Atlantic clearly demonstrate that 
intermediate waters during glacial times were derived from source waters having a 
different chemistry than those sources of NADW presently (Bertram et al., 1995). 
According to Bertram et al. (1995), current NADW Cd concentration is roughly 0.3 
nmol/kg. During the last glacial episode Cd for the intermediate waters ranged between 
0.15 and 0.20 nmol/kg, a range comparable to that for the upper 100 m of the water 
column. Thus, unlike current mid depth waters of the North Atlantic, during the last 
glaciation, intermediate depths were rapidly flushed by young, very shallow waters 
characterized by low Cd concentrations and elevated bu C compositions (Bertram et al., 
1995).
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During glacial times, the Atlantic circulation was very different from the present 
The Norwegian Sea ceased to be the dominant source of deep water, and the surface 
water sank to an intermediate depth at a more southerly location (Duplessey, et al., 1988). 
Boyle and Keigwin (1987) suggested a situation analogous to that of the modem North 
Pacific existed for the glacial North Atlantic. Surface salinities in the North Pacific are 
fresh relative to those of the North Atlantic (Bainbridge et al., 1981; Craig et al., 1982; 
Boyle and Keigwin, 1987). Despite cooling, these low salinity surface waters are not 
sufficiently dense to form deep water. Consequently, intermediate depth waters form in 
the North Pacific, as illustrated by salinity, density, and oxygen distribution at the 
GEOSECS Pacific stations (Craig et al., 1982). In the glacial North Atlantic colder 
temperatures (CLIMAP, 1981) and reduced rates of evaporation (Boyle and Keigwin, 
1987) resulted in surface waters that were fresher than today, fresher by a margin roughly 
equivalent to the difference between the modem North Atlantic and North Pacific 
according to Boyle and Keigwin (1987). North Atlantic surface water, therefore, was 
unable to achieve the density needed for deep water formation during glacial times.
Crowley and Hakkinen (1988) suggest another model. Because of the extent of 
the glacial ice mass, the source water of the NADW was subjected to an entirely different 
prevailing wind direction: westerly during the late Pleistocene compared to northeast at 
present Because of this different wind stress pattern, a different mixed-layer response 
occurred resulting in the inhibition of NADW production. Thus, temperature change, 
more southerly location of the polar front location, and reduced evaporation in varying 
degrees produced conditions unfavorable for large-scale deep water mass formation in the 
glacial North Atlantic. The surface water in the North Atlantic, which was low in 
nutrients and enriched in SUC, sank to intermediate depths during the last glacial episode. 
Sinking of the surface water took place in the northern Atlantic rather than in the 
Norwegian Sea (Duplessey, et al., 1988; Boyle and Keigwin, 1987). The intermediate 
water mass that formed is referred to as the Glacial North Atlantic Intermediate Water
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(GNAIW) (after Duplessey et al., 1988). The Ba concentration of this water mass during 
isotope stage 2, as inferred from the Ba/Ca in benthic foraminifera of Station 58, was 6 8  
nmol/kg. Today, the preformed Ba value of NADW is about 50 nmol/kg, and AABW 
has Ba values of about 100 nmol/kg (Chan et al., 1977). Lea (1993) documented up to a 
20 per cent increase in Ba/Ca in the CPDW from which AABW is derived. Assuming 
that the glacial CPDW had 120 nmol Ba/kg and the endmember composition of the 
northern ocean water remained the same, then the Atlantic water that entered the Gulf 
during the last glacial consisted of 25 per cent AABW and 75 percent GNAIW.
At the end of the glacial episode, the mode of water production appeared to change 
abruptly. During the deglacial period, the deep water of the Gulf of Mexico was 
characterized by low 6 13C and high Ba/Ca. In the 90 cm interval Ba/Ca reaches 3.5 
^mol/mol, indicating a dissolved Ba concentration of 100 nmol/kg (Table 6-1, Figure 6 - 
5). The elevated concentration at 90 cm implies that during the transition from glacial to 
interglacial conditions, water with a chemical signature similar to AABW resided at 
intermediate depths in the Atlantic, and consequently entered the Gulf of Mexico.
Adkins et al. (1998) observed a similarly elevated nutrient signal during the last 
deglaciation in their study of deep sea corals from the western North Atlantic. They 
determined Cd/Ca and radiocarbon ages of 15.4 ka old corals residing at roughly 1800 m 
water depth. Samples from a section of a septum of Desmophyllum cristagelli show 
Cd/Ca values increase from 0.11 to nearly 0.19 /<moI/mol in the direction of growth. 14C 
ages of several other coral specimens also increase in the direction of growth by as much 
as 670 years. These samples indicate that over the 160 year life span of the coral, a 
change to older, more nutrient-rich waters occurred at the intermediate depth in the North 
Atlantic, resulting in older radiocarbon ages for biologically younger portions of the 
corals (Adkins et al., 1998). These findings agree in principle with the Ba/Ca record of 
the Gulf o f Mexico where elevated Ba concentrations increased and 6 13C decreased at the
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close of the last glacial period- These signals indicate that nutrient poor intermediate water 
was replaced by older, nutrient-rich water of southern origin.
The coral data of Adkins et al. (1998) suggest rapid changes in ventilation of the 
mid depth Atlantic during the last deglaciation. During the last glacial episode, ventilation 
rates of thermocline waters have been found to be high relative to today (Oppo and 
Lehman, 1993; and Slowey and Curry, 1992). In the glacial north Atlantic a strong 
nutricline (or zone of rapid increase in nutrient content with depth) occurred at roughly 
2000 m (Oppo and Lehman, 1993). Based on benthic foraminiferal data from the 
subpolar Atlantic, the Bahama Banks, and the Caribbean Sea, glacial 613C values of 
roughly 1.5 per mil occurred above the nutricline, while 60 C values approached 0.4 per 
mil below 2000 m (Oppo and Lehman, 1993). This nutricline feature stands in contrast to 
Holocene Sl3C values that are relatively unchanged between 1000 and 2000 m (Oppo and 
Lehman, 1993). These data suggest that the nutrient-poor GNAIW overlaid the nutrient- 
rich southern ocean water in the glacial north Atlantic. Cd/Ca data for the deep sea corals 
suggest a shoaling of the nutricline occurred at 15.4 ka, as the older, nutrient-rich waters 
rose above 1900 m (Adkins et al., 1998). This shifting of the nutricline position has also 
been documented in the abundance records of the coccolithophorid Florisphaeraprofunda 
(Molfino and McIntyre, 1990). Molfino and McIntyre (1990) observed a high relative 
abundance of F. profunda concomitant with a deep nutricline and a lower abundance in 
association with a shallow nutricline. Both studies indicate that climatic changes on the 
order of hundreds of years are responsible for rapidly fluctuating nutrient contents of the 
intermediate depth waters. Although the Ba/Ca data from Station 58 does not provide a 
high resolution record for rapid changes during deglaciation, it is apparent that a period of 
elevated Ba concentration of Atlantic intermediate water has been documented in this 
study. Consistent with other nutrient indicators, the Ba data suggest that GNAIW present 
in the mid-depth Atlantic during stage 2 was replaced by a southern ocean water mass.
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The nature and causes of the climatic and oceanic variations during the 
deglaciation period are not well understood. Broecker (1994) proposed that global 
climate change could be triggered by massive iceberg discharges known as Heinrich 
events. The icebergs were derived from the ice sheets in Canada. Heinrich events occur 
at major climate transitions. The onsets of Termination I and Termination II were marked 
by ice rafting events (Broecker, 1994; Oppo et al., 1997). Planktonic foraminifera 
contained in the ice rafted debris are depleted in lsO, suggesting that low salinity surface 
waters existed in association with these Heinrich events. It is thought that fresh water 
generated by the melting of these ice armadas could disrupt the deep water formation in 
the north Atlantic (Broecker, 1994). Thus it is possible that at the last termination iceberg 
melting caused strong stratification of the water column, thereby inhibiting GNAIW 
production. As a consequence, the mid-depth Atlantic was occupied by southern 
component water. This scenario has been used to explained low 613C and high Cd/Ca at 
Termination II (Oppo et al., 1997; Adkins et al., 1997).
Broecker (1994) speculated that between the Heinrich event 1 (14300 14C years 
ago) and 12,700 14C years ago, deep water formation in the north Atlantic was turned off. 
At 12,700 14C years ago, sudden warming occurred, and the thermohaline circulation 
resumed. The Ba/Ca record of Station 58 is consistent with this scenario. The time of the 
Ba/Ca maximum at 90 cm may be estimated from the two measured 14C ages and the 6 lsO 
at the glacial maximum. The l4C age at 70 cm is 10,780 years. The latest 6 lsO maximum 
at 110 cm is assigned an age of 14,500 radiocarbon years. This is reasonable since 
deglacial cooling began about 14,500 years ago (Bard et al., 1987; Keigwin et al., 1991). 
By interpolation, the age at 90 cm is estimated to be 12,700 radiocarbon years, coinciding 
with the onset of the warming period. Following Heinrich event 1, 613C decreased and 
Ba increased due to the shutdown or reduction of GNAIW and the resultant increased 
influence of southern ocean water at mid-depth. As the warming period began, the 
production of both the high and low density components of the NADW resumed leading
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to an increase of 6I3C and a decrease of Ba/Ca toward the Recent Today the mid-depth 
tropical Atlantic is dominated by UNADW. The Recent Ba/Ca ratio of the deep Gulf of 
Mexico (about 2 ^ mol/mol) is slightly lower than that of the LGM, suggesting the low 
density UNADW today has a Ba chemistry similar to that of the intermediate water 
formed in the glacial Atlantic. It is noted that the Ba/Ca ratio during stage 3 is 
indistinguishable from that of the LGM, consistent with relatively high 6I80  and 6I3C. 
Thus interglacial stage 3 retained the glacial mode of circulation.
6.5 Conclusions
In this study, Ba/Ca has been successfully applied as a tool in understanding the 
paleoceanography of the deep waters of the Gulf of Mexico over roughly the past 55,000 
yr. Downcore variations in the Ba/Ca record and in the 6BC and 6I80  records reflect the 
circulation changes in the mid depth Atlantic in association with glacial-interglacial 
transitions. During periods of large ice volume (stage 2 and 3), the deep Gulf Basin 
water (and intermediate Atlantic water) was characterized by nutrient-depleted water (high 
613C, low Ba) known as the GNAIW. At the onset o f glacial termination, 5 I3C decreased 
and Ba/Ca increased, suggesting that GNAIW was replaced by a water mass of southern 
origin. The circulation change is thought to be caused by reduced production of GNAIW 
due to deglacial melting. When the warming period began, deep convection in the 
northern Atlantic resumed, and the deep and intermediate Atlantic were dominated by 
NADW. At full interglaciation today, the deep Gulf is filled by predominantly UNADW 
which is characterized by high 6I3C and by low Ba. This reconstruction based on 
foraminiferal Ba in the deep Gulf of Mexico is consistent with the studies of other 
nutrient-type elements in the Atlantic.
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General Conclusions
This dissertation demonstrates the utility of Ba as a tracer for a variety of
processes in the modem and past marine environment This first regional-scale
application of Ba in the Gulf of Mexico underscores the complexities of chemical
dynamics in the marginal sea setting and succeeds in providing an additional tool for
deciphering the paleoceanographic variability in the Gulf since the Late Pleistocene. In
the ensuing segments, conclusions from the individual chapters are given.
7.1 Distribution o f Dissolved Ba in the Atchafalaya and Mississippi River 
Mixing Zones
The comparison of dissolved Ba concentrations within the mixing zones of two 
morphologically different estuary environments reveals different chemical dynamics. Ba 
is released from river borne sediments in the mixing zones of the Mississippi and 
Atchafalaya Rivers. The location of maximum release appears to depend on the water 
discharge. The desorption occurs at higher salinities under low discharge conditions 
(i.e., Atchafalaya during low flow), presumably because the particulates can move across 
a greater salinity range before desorption. In contrast, desorption occurs early in rivers of 
high water discharge (i.e. the Mississippi, and Atchafalaya during high flow). The 
elevated Ba concentration at the intermediate salinity range of the Atchafalaya mixing zone 
can also be attributed to diffusion from the shallow shelf sediments. The bottom flux 
could be generated by remobilization of Ba from sedimentary barite or by desorption of 
Ba from sediments deposited previously that have not been exposed to saline water.
Thus, the different distributions of Ba across the salinity gradient of the two rivers reflect 
localized factors such as water discharge rate, sediment load, and local bathymetry.
Effective river endmembers can be calculated for the Mississippi and Atchafalaya 
during the high flow conditions of the March, 1994 cruise, however low flow conditions 
make the extrapolation difficult for the Atchafalaya data. During November 1993 the
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effective river endmember for the Mississippi was 785 nmol/kg. March 1994 values for 
the Atchafalaya and Mississippi were 585 and 602 nmol/kg, respectively. A simple flux 
calculation involving the effective river endmember concentrations and discharge data at 
the time o f sampling reveals a  near doubling of the flux of dissolved Ba to the northern 
Gulf of Mexico from low flow to high flow conditions. The results of this study 
underscore the importance of seasonal variation and estuarine modification in the 
consideration of fluvial fluxes to the ocean.
7.2 Dissolved Ba in the Southern Waters of the Gulf of Mexico
Dissolved Ba is an effective tracer of circulation and boundary processes in the 
southern Gulf of Mexico. The spatial distribution of Ba from the Yucatan Stait entrance 
to the southern Gulf of Mexico has been determined. Anomalously high surface 
concentrations o f Ba in the Gulf, in comparison to surface values for the Atlantic Ocean, 
can be tied to three distinct input mechanisms. Groundwater contribution from the 
freshwater and halocline waters of the Yucatan as well as river runoff constitute important 
sources for surface water Ba enrichment Deep waters of the Gulf Basin are fairly 
homogeneous with respect to Ba. No significant variation in concentration occurs with 
movement of deepwater from the Yucatan Straits to the western boundary of the Gulf. 
Residence times for both the deep water in the Gulf and Ba in the deep water calculated 
from this data set are fairly consistent, 93 and 103 yr, respectively. These short residence 
times suggest rapid flushing of the deep basin of the Gulf. Rapid flushing with Atlantic 
water is consistent with high oxygen contents observed in the bottom waters. The Ba 
framework established here for Gulf of Mexico waters paves way for paleoceanographic 
studies using foraminiferal Ba as a  tracer.
7.3 Variation of Ba/Ca in Planktonic Foraminifera
A functional method for the TIMS determination of Ba/Ca in planktonic 
foraminifera has been established. This technique gives reproducible Ba/Ca values for
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Orbulina universa from the surface Gulf comparable to previous determinations for the 
Atlantic Ocean.
Glacial meltwater signals are evident in the two Ba/Ca records of planktonic 
foraminifera from the southwestern Gulf and the western slope of the Yucatan Platform.
A negative shift in 6lsO following the Last Glacial Maximum is observed at both
locations, which can be attributed to the melting of the Laurentide ice sheet The isotope 
data suggest a reduction of salinity by 2 to 3 ppt in the southern Gulf of Mexico. The Ba 
enrichment in the meltwater is consistent with the high Ba/Ca ratio in continental runoff 
compared to that o f  seawater. This study demonstrates that the planktonic Ba/Ca ratio is a 
sensitive indicator o f glacial meltwater discharge.
In addition to the meltwater pulse, the planktonic study also reveals that the Ba/Ca 
ratio was higher at the LGM than during the Holocene. This observation suggests 
different surface water chemistry in the Gulf during the late Pleistocene when much of the 
continental shelf was exposed. It is proposed that enhanced groundwater input during 
low sea level stand may contribute to the enrichment of Ba.
7.4 Ba/Ca in Recent Benthic Foraminifera
The first reliable Ba/Ca data for benthic foraminifera in the Gulf of Mexico have 
been established for Cibicides wuellerstorfi. In Gulf Basin waters with uniform 
temperature (4 °C) and small variation in Ba concentration (60-64 nmol/kg), foraminiferal 
Ba/Ca was found to decrease by 30 per cent over the depth range of 692 to 3710 m. 
Although incongruent dissolution has been employed to explain a similar depth dependent 
trend from the Ontong-Java Plateau, evidence from interpolated carbonate ion 
concentrations for Gulf Basin waters and previous laboratory experiments suggest that 
benthic foraminiferal material from the Gulf of Mexico is not significantly affected by 
such a process. The observations corroborate previous suggestions that a biological 
response to pressure results in the observed depth dependent Metal/Ca decreases.
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7.5 Benthic Foraminiferal Ba in the Gulf of Mexico: Evidence for 
Circulation Changes in the Glacial North Atlantic
Ba/Ca ratios for the benthic foraminifera Cibicides wuellerstorfi give evidence for
the existence of nutrient depleted waters in the deep Gulf of Mexico during the last glacial
interval. The record presented in this study, covering approximately 55,000 years, is
characterized by relatively low Ba/Ca coincident with elevated S13C during times of
extensive continental ice cover. The presence of water containing low Ba and enriched
6I3C in the GBW during the glacial episode is consistent with observed nutrient depletion
during isotope stage 2 in both the intermediate waters of the North Atlantic and the deep 
waters of the Caribbean Sea. These nutrient depleted intermediate depth waters suggest 
that the North Atlantic was a source region for intermediate water mass production during 
glacial intervals, in contrast to the deep water formation that currently occurs in the 
region. Furthermore, as the record presented here extends well into isotopic stage 3, 
Ba/Ca variation reveals the persistence of intermediate water production in the North 
Atlantic during the preceding interglacial.
During deglaciation, the production of North Atlantic Intermediate Water 
diminished. The transition from the last glacial episode to the present interglacial is
characterized by extremely low 6l3C and high Ba/Ca. This suggests that water entering
the Gulf was dominated by Southern Ocean Water. Ba/Ca decreases toward the Recent as 
the production of both the upper and lower NADW resumed. This study shows that the 
benthic foraminiferal Ba record from the Gulf of Mexico is a sensitive indicator of the 
circulation of the Atlantic intermediate waters through climatic changes.
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